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Abstract

Cerium Oxide or ceria (CeO,) was found to be useful for the reforming processes. By
applying this material as support and promoter, the catalyst provides significantly higher
reforming reactivity and excellent resistance toward carbon deposition compared to
conventional Ni/ALLO, [1,2,3,4]. These enhancements are due to the high redox property of
CeO,. During the reforming processes, in addition to the reaction on metallic catalyst surface,
the redox reactions between the gaseous components in the system and the lattice oxygen (Ox)
take place on ceria surface. Among these reactions, the rapid redox reactions of carbon
compounds such as CH,, and CO with lattice oxygen (CH, + O, = CO + H, + O, , and CO + O,
= CO, + O,,) can prevent the formation of carbon species from the methane decomposition
(CH, 2> C+ 2H,) and Boudard reactions (2CO 2> C+ CO,) even at low inlet steam and
carbon dioxide concentrations.

Surprisingly, nanocomposite high surface area ceria (CeO, (HSA)), synthesized by a
surfactant-assisted approach, was observed to be an excellent catalyst for the reforming of
methane, LPG [5], methanol [6], and ethanol [7,8] producing H, and CO under Solid Oxide Fuel
Cells (SOFCs) conditions [3]. Regarding the intrinsic reaction kinetics over CeO, (HSA), the
reforming rate over this catalyst is proportional to the methane partial pressure and the operating
temperature. Carbon dioxide presents weak positive impact on the methane conversion,
whereas steam concentration seems to be independent of the rate. The adding of carbon
monoxide and hydrogen inhibit the reforming rate. The activation energies and reforming rates
under the same methane concentration for CeO, toward the dry reforming are almost equal to
the steam reforming. This result suggests the similar reaction mechanisms for both the steam
reforming and the dry reforming over CeO,; i.e., the dry reforming rate is governed by the slow
reaction of adsorbed methane, or surface hydrocarbon species, with oxygen in CeO,, and a

rapid gas-solid reaction between CO, and CeO, to replenish the oxygen.

[1] N. Laosiripojana, and S. Assabumrungrat, Methane steam reforming over Ni/Ce-ZrO,
catalyst: Influences of Ce-ZrO, support on reactivity, resistance toward carbon formation,

and intrinsic reaction kinetics, Applied Catalysis A: General, 290 (2005) 200-211
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[2] N. Laosiripojana, W. Sutthisripok, and S. Assabumrungrat, Synthesis gas production from
dry reforming of methane over CeQO, doped Ni/Al,O,: Influence of the doping ceria on the
resistance toward carbon formation, Chemical Engineering Journal, 112 (2005) 13-22

[3] N. Laosiripojana and S. Assabumrungrat, Catalytic Dry Reforming of Methane over High
Surface Area Ceria, Applied Catalysis B: Environmental, 60 (2005) 109-118

[4] N. Laosiripojana, W. Sangtongkitcharoen and S. Assabumrungrat, “Catalytic steam reforming
ethane and propane over CeO,-doped Ni/Al,O, at SOFC temperature: Improvement of
resistance toward carbon formation by the redox properties of doping CeO,”, Fuel, 85
(2006) 323-332

[5] N. Laosiripojana and S. Assabumrungrat, “Hydrogen production from the steam and
autothermal reforming of LPG over high surface area ceria at SOFC temperature”, Journal of
Power Sources, In Press

[6] N. Laosiripojana and S. Assabumrungrat, “The effect of specific surface area on the activity
of nano-scale ceria catalysts for methanol decomposition with and without steam at SOFC
operating temperatures”, Chemical Engineering Science, In Press

[7] N. Laosiripojana and S. Assabumrungrat, “Catalytic steam reforming of ethanol over high
surface area CeO,: The role of CeO, as an internal pre-reforming catalyst”, Applied
Catalysis B: Environmental, revised

[8] N. Laosiripojana and S. Assabumrungrat, “Reactivity of high surface area CeO, synthesized
by surfactant-assisted method to ethanol decomposition with and without steam”, Submitted

to Chemical Engineering Journal
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1.2. Njuazuannisingsanaunalulaginisuantalagsiay [1-2]

1.2.1. NSLUIWNITNNANNTDY (Thermal Process)

N3UARNNT L TATLAUAN NN AINANTUNANUTABNIZLAUAIINNANN T (Thermal

1
Ay o o

Process) H#an8nN721910Ne NITLIUNNINANT] nidniuedeundaane nazuaunisUfsdaele
¥ . a ¥ oV ' o s . o
U1 (steam reforming) mzmumiﬂggﬂmﬂmsrjma‘muim@@ﬂism (dry reforming) N3eUAUNITNN
v
AANTATULINEIU (partial oxidation) mzmumﬁ*qmmmzmum?ﬂﬁgﬂﬁfmi@mﬁumzmum?
NeaNTIMTULN9d9% (combined partial oxidation-steam reforming) ¥3a73aniwdn autothermal
. Aﬁl 1 3 1 éj a dl v e‘é’ a 1 [ %
reforming  @eneuazlnsruauniswantinan lalnsauive il g S ime A unaanaaan i
1 % Y | :J/ v ana 1 df al 1 1 o
naunusine  avsesgnutsgtiiiduansiesiueisenmatlidaneu  IneununaInaNIUN
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(Biomass) A¥AeNHIUNTZLAUNITUEIN (Fermentation) ¥3an3zuaunng Digestion e lilanngaa

A !

AN (Biogas) W3eLen1Leanauazingnsn WAt udNnssuakn1IAannaNaNT TWARENTTLIU

Y vy v
= o alX I
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a1aazgnilasudluinglalasaulnansslfiagainnssuaunisfinadiliadu uaznnszuaunismilems

ansndanrzilalanauldrenszusunisunndotifeedanieanuieuall  NITLIUNIIANTN

. o X e X
nanaNwaiiTeaziaennase 1l

1211, nszusunsifsueaaalaii(Steam Reforming)
= s QI A a o 90/ [ ai % a Aa

nszusunisTesuiazenszuaunislglivledndunssuaunisnlilsyansnn

Tunsuaninglalnsiauge @ ldaratennd iteu uasihidsnunsnansuazinunldnig
o o o X = -

neAudn  Tnemdnnisaesnszuaunsiihe nsasonn lalasiauannlalasansueuuasle
influingau (feedstock) aaenszuqunisaaninlinanafluinglalasauliliuiniga
Tenszununsuanazilsznavlision 4 dunau e 1) MeinlidngAuiauEgns Tnawiu
ansnidedameseen 2) nisfedjisendglivletinaedalnsanfueniasinliing
findg H, CO waz CO, 3) N19LAA shift reaction w89 CO TinanenfluCo, uaz 4) n1annli

find H, 13408 Ineindaefing CO, CO uazlalnsansuauais) aen
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K1l
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ﬂﬁmmﬁﬂ'ﬁauma‘ (shift conversion) FAA shift reaction IAeKAM H, IHE Ry e
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=

reaction waingau| eanelildnandneiiuing H, MFgns 3an1sndning CO,

o N yw adl o K aa LY o = . PPy
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angvaiannanTnluen1luazlu (monoethanolamine) daWwaa (sulfinol) waz TLunades
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CH, + CO, =2 2H, + 2CO

nezLnunIssanatnarilslamilunislasuniaionwldidulalnsan  Wiegan
(2] a a g s & 1 % ?-// aaa o | U
fnagannasidounanaesnsuenlaeanlaflziuagudn  aananiudfizendenaindie
v ) di v g ada dl Y o [~1 a dl a s dd‘ = 1
pugninauedialfiiidsnimaidinfuwaseindluesesdjneniiniinGandt Solar

driven volumetric receiver/reactor

1.2.1.3. N3TUIUNITRANTLATULINEIU (Partial Oxidation)

Inendannisnszuaunisesndindundiuzesarsisznevlalnsanfuen Ae n19vin
Uffsenszndnansialnsafueniveendiaunilsuinliieanasanisiianisenlud

! ¥
agaNYyIfIaenITUIUNNTeeNT It UL gl LRSI AN ATUAS

2CH, +0, —> 2CO +nH,

4 ¥
X A

ﬂﬁﬂ?‘mﬁllﬁmmuulﬂuﬂﬁ'ﬁ?ﬂWﬁ'ﬁﬁ@ﬁﬂﬁuﬁmwdwiaimima?Ufau-vLaTmma?mu%'q
m@ﬁﬂﬁlﬁmLflum‘fu'auﬁLﬂqz@fguuﬁméqﬂﬁ'ﬁ?miﬁ Uiseneendinduuiadiuuuyldmia
139177381 (Catalytic Partial Oxidation Process, CPO) 1§50ANaulaantAsEi U
wanznszUaUNsT AR eduamsiiliide i Baufivilendinszuaunis Uil ledh

sapaliil

- RaduameiinantuliasiAndndan H/CO Aaamngd i dudniesueauay
BeinAdansz

- iesdfnsnladiildlunszuauns cPO 5%5ﬁﬂﬂfiﬁm‘zmuma‘ﬂ§gﬂimﬂ‘bﬂ@
smmelaaniugedlfuaslaundsnuainneuan (externally fired heater)

- NITUIUNNT CPO azdlAIAK lauazNISAaNaWcA NI LNARTNGAATZ g

Tdfinnsdaeafingienie ldfasnis aafiiu CO, NO, uag SO,

i 1 v
padatisenfildlunszuaunis CPO  Aedusslisennldfininadusavaniusii

' ¥
o o o ]

wedfnsemld Rh flundn  Sedwiusagedisendszinmudatiaziaonnle nsiaen

° = \ P (Y R o gve | lana dfya o o
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Authaulannndn teednfBunamesesndaunilaufedaAngandiAiausianisaiy

Fnnnuunaansduius  Tunsiians CH, Areandiausaiisusiasiinndn 0.5

1214 nszuaunssanszuinemailjadaslarihiveandinduinegou
m‘:mum@ﬂg‘jgﬂé’wiﬂﬁﬁmmm?ﬂm”u%ﬁ‘lumimﬁﬂumﬁiﬂ@:ﬂ@uigﬁimmfu'auﬁ

wnlulalnsanldd wilimunsdmianssyneslalasansueuiviin anansszney

lalasanfueumindnsesldnszuiunissanszndnan1steendinduuegauiLnszuIunIg

a

gt etnsznsineentiedurndautesanslsznevlalnsanfuauminazyinlwlinas

a

1 v 14 1
Anainifinmenfuenneuanlafegge  antuafusunenuen lmdazindfiseniulanie

HAR CO, WAz H, fN1aenTlauilgui)iuasmnuaugs

CH, +n20, = nCO + m/2H, + heat
CH., + nH,O + heat = nCO + (n+m/2) H,

CO + nH,0 — CO, + H, + heat

wananilfnsenszudndlalnsrnfueniveendiaduljisenaiennuien  wa
nunldtaNsain ldren il gisendjgUssndeansdsznevlalasaisueuiulesing,
ana v o 1 dl tdl ¥ ] A dl
ulieganinuieu aetwuilareanszusunisildnszuqunisioumnenisilasy CH,
Tinanafluinadanszilagldnszuounisfanyivain (CO, reforming, steam reforming

WA partial oxidation) A3UfjAsensiald

CH, + H,0 = CO + 3H, (-AHS, =-206 kJ/mol)
CH, + 40, = CO + 2H, (-AHS, =38 kJ/mol)

CH, + CO, = 2CO + 2H, (-AHS, =-247 kJ/mol)

nazUAUNIIAINatefua oA fiunslugadunauy na1aAe  nisliunedau
299 CH, nufjisendu O, Wisdlu H,0 Au CO, TnaaAuniseandinduatinafinnainiy
CH, Mwiaeawindfisant]zUiy H,0 fauriu COo, Nuanls s H, uaz CO Aslizen

v
susa U
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CH, + 2/3H,0 +1/3CO, = 4/3CO +8/3 H, (-AHS, = -219 kJ/mol)

fenveinsindiend]Usn Aeazvinliaiunsatfurdnsdaures HyCO i
¥ 1 ! dl v dgjv (= Y a o (% = dl a asa
Ihaglutaamnnisesnis wenaniidaiunsldnanimeidrafes (CO,) NAnanUaze

water gas shift reaction (ANaNnN13919a19) TiludseTaad

CO + H,0 = H,+ CO, (-AHS, =-41 kJ/mol)

1.2.1.5. NTEUIUNITWANTNLANARAILAINSBUY (Thermal Cracking Process)
E‘E‘ﬁtﬂuﬂﬁ?ﬁlﬁmm’éﬂusluﬂmt,miuLaqmmiﬂmmﬁfmwﬁﬂlﬁlmuL@Q@z%um

%ﬁ%ﬁ‘mﬂ5uﬁﬂﬁuﬂﬂﬁmﬂ%umﬂiuLaqmmﬁﬁﬁwﬁn (short residue) AlEanngdausng

garendutingAL (crude) Tldnwanuunan (naphtha) iatniuig (kerosene) NN

AU LAZANUIRLURIRRTE WaRAWEUNTATADE [1997] VL@TWLId’]ﬂﬁﬁ?EI’WLLMﬂM\]’]EI

1
o

TuanasaaannfeuiuiuljisenndAydunilelunisudninglalngiay

1216. nszurumsinlalada/fingdnmgu
lalasiauanuisananldainianaalaanszusunisinlalada/f1 a7 ndu
(Pyrolysis/Gasification) #4lunszLnuNTHasdadlsznatdaenisfiusUINTNs nsy
£ LATMIARENTNG  TUABLYSNN TRt sT N WAL Fa AN
avanedu vileTaananinlildguupigeneldmusulueienlnmaliedl neLlfuann
Taeinnslannuseuiiasinidsunaiinnsaanafuasiianszuaunssendladunadas
(Partial Oxidation) FraAnaNNNITLaLNNIiav s naLdaa A fueuLaTaan s
psuaulanantas lulanau Sisu uazlalnnau doufieannefusnaeariasljnealay

Wudouniantwiundn  Aranfinluneusuazgnilewdesesljnil water-gas shift

Q u

1 ! i
=

watlasunaaiusiingliidulalasaulininigauacdafuaunauaan laflviluag e
dinties nazuaunain e lalsauilpaniFgnsanunsndtldlaenszuaunnsgaduuyy
wasulaspaai
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El"l‘i"lsi‘ﬁ 2.1: Main types of fuel cells

Fuel cell type Abbreviation Electrolyte Operating temperature, °c
Alkaline AFC Potassium hydroxide 50-90

Proton Exchange PEMFC Solid proton conducting polymer 50-125

Membrane

Phosphoric acid PAFC Orthophosphoric acid 190-210

Molten carbonate MCFC Lithium/potassium carbonate mixture ~ 630-650

Solid oxide SOFC Stabilised zirconia 700-1100

Direct methanol DMFC Sulphuric acid or solid polymer 50-120

M19199 2.2: Electrocatalysts in fuel cell systems

Fuel cell Anode catalyst Cathode catalyst
AFC Pt/Au, Pt, Ag Pt/Au, Pt, Ag
PEMFC Pt, Pt/Ru Pt
PAFC Pt Pt/Cr/Co, PNi
MCFC Ni, Ni/Cr Li/NiO
SOFC Ni/ZrO, LaSrMnO,

A1379% 2.3: Anode and cathode reactions and net ion transport in the electrolyte of fuel cells

Fuel cell Anode reaction Net ion transport Cathode reaction

AFC H, + 20H = 2H,0 + 2¢ OH 0, + 2H,0 + 46 = 40H
PEMFC  H, = 2H +2¢ H' 0, +4H" +4e = 2H,0
PAFC H, = 2H" + 26’ H' 0, +4H" +4e = 2H,0
MCFC H, + CO,” = H,0 + CO, + 2¢ co.” 0, +2C0, + 4¢ = 2C0,”

CO +CO,” = 2CO0, + 2¢’
SOFC H, + 0 > H,0 +2¢ o” 0,+4e 20"

CO+0” => CO, + 26

Tnaagludonisdnuunilszinnueamadiiawasia 5 aiat azuisldetinsasadlulszinny

THunguunian Aa AFC PAFC waz PMFC dasiedldunamibuiusiadaljisen wazldfing

£ 1
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lalasiaudumends Tuaneimafmenaininungum)iigs MCFC uay SOFC anunsaldans

lalasanfuendudemadld  wazldisedldunamthuiuingealjisen  [aunsnansnldanaadls
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Type Capacity Application
1.5 kW Apollo Programme
AFC
12 kW Space Shuttle Orbiter
200 kW Power Plant (40,000 hours at 40%LHV electric eff., 80%
PAFC cogeneration)
11 MW Power Plant
Gemini Programme
1 kW
Transport bus in Canada
200 kW
Power Plant
PEMFC 250 kW
Power Plant (8 stacks of 125 kW each, 58 %LHV electric
2 MW
eff.)
<24 W
Mobile applications (mobile phone, laptop computer, PDA)
MCFC 2 MW Power Plant (44% LHV eff.)
Power Plant (4000 hours at 45%LHV electric eff.)
100 kW
SOFC Power Plant (combined cycle with micro turbine generator

220 kW (180kW)
75kW, 55% eff.)
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9N A ududdsuarimwnNs I madiie mwas e A saaiuuan lnnasldeuaeamad
\TRINAITTRA Polymer Membrane Fuel Cell (PMFC) ua Solid Oxide Fuel Cell (SOFC) siutlszay
AuANFauda luilaqiiuuazandnarinisinas ldanuaslwdanntiaedluan 2-3 T4t
Awdunisldiselemizastadmainadluaraseusin - ouidnluilaqiiuazsadiulilnnig
dl v a = 6 o 1 % = a o‘d‘ ¥ rdg/ a
WENELINNATAATIAFUYUNINARAY  HNIANANNTRITLINAE AN THANINLWAN I imadiToINAY
TunsduAaauaIuIuNINNgn 250,000 AUNaAzyinTHINAFUNUNNINARAAAIAUAIN TS TuL
rdl 3 1 o ! ¥ rdgj a < a
snausin g luilaqiiu. dounisldivresaadimomaslugnaIunIsuauIALAN LATITUNARANIZILE

Ifingauriu Microturbine (Cogeneration) tiuitagaiiawnwasniin Phosphoric Acid Fuel Cell (PAFC)
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Ansldauassludanntisdudausanaduunisuaniartuymndntedagee uazinisain
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AuanANd1AydmFusadel jiseresnszuounisInasnisrannaIni snlun 199

aaa ¥ ! a [ é’ a ZJ/ Y o 1 aa Qit:l IS a
U0 wazAuAUnUseaNBiAANTIANLUALRY UeanantiuuddimsaisennaANEianes

A4 ey - N a o 4
nngailegnldaunemnngiige (High Thermal Stability) WaTiAMNATUNIUAENIS@INANINLHEY
dg/ a . . ] a o ! ana zl/ o ! ana dl
ananstutenuneatia (Poisoning) luwdnnuaninieniannaessiaisalisanriumniseljisend

a = ' a a ra a 1 o A dl ¥ dJ ] d}

AAYsHAYINAIIUAENT@end  wazldinanisidegdidunisin  viseusnileldeumeaztinnnganis

wWanuuwladluFaswesnmuaniiinisnisonamannuden uazaaaans (Heat and Mass Transfer

¥ v
o

. 2 ¥ a 9;/ o 1 aaa Adld o =X 2 ddgl dla 1
Behaviour) 1§ Tunisldauasariuginssaesdadaljisennandeinisiugludonnsasinuiiasein
Win viseLFunnsge uazinWiin Pressure Drop nelwiAsestnsnitieargn [18]

Amiuagelisennldunsruaunisivesuiianenanlalasauii wodnsendl vin éu
Usznausag Fe, Co, Ni, Rd, Ru, Pd, Os, Ir and Pt [19, 20, 21, 22] anxnsnidusiaisatjisenves
N3xUAUN2A9Na e atinalefmnlaRs e uNINNNEn g TR N daNANEAIN (Deactivation)

o/ 1 aan 1 dgj dl 14 % o U dJ o dl o Y o 1 aaa a
ga9isaLgisemantiieldenunelinszuauniadingns  Getloywudnivinlidageljiseiia
N1siAeNANENINABNINAAFURULEIMEN YRR N3EN (Carbon Formation) HAWNszLaUNg
Boudouard Reaction ¥38n321914019 Thermal Cracking n1sfansiuileuunasfiaigs Sulphur %in
Ufzeniusaiel)izen (Catalyst Poisoning) s

o o a dl k73 ré’ a :jx nI/ a

aviunszununisnanalasiauie sy lanllusadmamnasiulneialinszuosunisnan

a dl dll = '8 '8 Aﬁl o a '8 a a % 1 ana o
lalnsiauaziiaiiAsadanefuwed (Reformer) GainaziinAnfuauLzumtavesoEdeliAsauwazin
Tidayisendendnaniniane  tesanazedeEeidoaumiadt  viserdontnniadies
dl =l '8 o‘dl = a ZJ/ 1 ¥ Ol QI ¥ ?:/ g dl a

wisastrafumefifasandBunnlalanauiinmuiureudiesn  wazdsdassesiunlgluntsuan
lalasiawiluanssznavlalnsanfuenlugis (High Hydrocarbon) wdatanianaziinnisnesusiaaes
AIFLEULTR N LR TR L TFe Az EaNnTw

Tnavialdudaietlasiutlymeasnanalunssuaunisuan lalasiauazdasingzuaunnsivasy
a ' . A s A o~ 5 s o . ) 4 g3 (o
Raunsdauneunazidniasasanasuwesian  (Pre-Reforming  unit) e ldidaguasdsenay
lalnsanfuenluals (High Hydrocarbon) visunalinataflutinuneunazgnilewdninsedivady

IasUAN T9dau Pre-reformer AaNaNnazfasineunguniAaudnealszaim 250-500°C [18]
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weldlfifailymnimesudaasasueuld  wanandunniulalnsiauunedaudnldluases
a '8 & 1 [ 1 b2 1 o/
Iafumasidaaaniloymsananalfidunu
a I's ndla o ] ana v A o &
wanantloyminisifinafueaunioresingeljiseuwde nsRetuaesanslalagiau 4alns
(H,S) wazans Alkali luanssiasiufivin sl jisen@enaninldetnammidaduiu Aniulunisld
uaudnenrua ¥inunnlalagias dalWsgeeliA1mingn 0.2-wt ppm [18] Tlnesialiluan
Fasiszuunidnlalasiay dalvdnaunazlaasinmdigssuisnefumas (Desulpherization) lunng
THauase ludanaesans Alkali lwdhuntduazinanssnuseanisfinljisasnesislnaansivanil

1 12

AzduLFNUENtedadaL T MW isenfisauanas [23] Asuanslunisesielilil

m‘i’]s‘iﬁ 3.1 Steam reforming of methane activity of alkali-promoted metal catalysts. Rates
referred to unit metal surface area (turnover frequency 1.000 = 0.70 molecules/s), (H,O/CH, =

4.0, H,0/H, = 10)

Catalyst Relative rate (500°C) Activation Energy (kcal/mole)

Ni (9.1) 1.0 26
Ni (7.1), Li (1.6) 0.6 24
Ni (8.3), Na (1.3) 0.3 21
Ni (8.5), K (1.0) 0.2 25
Ru (0.4) 5.0 23
Ru (0.5), Li (1.1) 2.0 17
Ru (0.3), Na(1.3) 2.0 25
Ru (0.4), K (1.3) 0.3 24
Rh (0.5) 17 29
Rh (0.4), Li(0.2) 16 24
Rh (0.4), Na(1.3) 8.0 23
Rh (0.4), K(1.0) 0.5 34
Pt (0.5) 1.8

Pt (0.3), Na (1.4) 0.2

panlsinanannludnasi s1nnf Vil dudsznaudiae Fe, Co, Ni, Rd, Ru, Pd, Os, Ir and Pt

[19, 20, 21, 22] awnsndlusndedisenaesnszuaunisiafuiield TnaannisAnenluenntiv

o

Rh waz Rd HANNNUNIUALNITAAANTLEULFRNURIGININERMARUT Wis1AN2189aNTAIA

'
a

AT T LA a9a N1 99 W9 Noble Metal Materials 1@ ANENWNIRN1IAN NI

1 ¥
nssnasiarasansaInanilaiing Rostrup-Nielsen and Hansen [20] 921j31 Rh uaz Rd HA218mY

a
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Tan1afinpfuauLiBiuiogaganaiiia TAziiAN1INeSN AN LIRS UAULF LN LRGN

Q

AN 500 A9ANLTALTEA

9 a

g‘l.lﬁ 3.1 Carbon formation rate over several metal catalysts at 500, and 650°C

]
a

lueARTNENUNIRNNTANEINANTZNUTRIAY  Support  AanszLRuNNTINefuRAeudnailes
Green and co-workers [24, 25] An®INTTUAUNNIEaNT IadUN9d91 (partial oxidation) NBHAR

lalasiauuusiagel Jisen Ni, Ru, Rh, Pd, Ir, and Pt Iagannnisdnu ldszydnnisldsia supported

ol al

MINegHLT (alumina) ﬁﬂﬁﬂﬁﬁ?‘mﬁﬁmimmmmmﬁ 800 9FNEALTA Erdohelyi et al. [26,
27] syysnaiinuessia Support 13Jﬁm@ﬁummﬁmﬂﬁﬁ?aﬁﬂafmﬁ'qﬁmuﬁfmm%muimfa@ﬂisnﬁ (Dry
Reforming) LuAaLsaLfAsen Rh lun1anduiu Nakamura et al. [28] and Zhang et al. [29] 3219
11inu8961 Support ﬁm@ﬁum@ﬁmﬂﬁﬁ?m?ﬂ@%uﬁﬁmuﬁfmmi‘rmuvl,mﬂﬂ%ﬁ (Dry Reforming)
agharn  TeeldlnnsAnutinaessia  Support 2 ﬂziwi@ﬂﬂﬂﬁmﬂf]'ﬁ?ﬂﬁvxl@a&ﬁqﬁmuﬁqa
prsuaulaaenlas (Dry Reforming)uusialdatfjisen Rh [29] Ineisia Support ¥4 2 nguUsznaumas
#ia Support Wil reducible (CeO,, Nb,O,, Ta,O,, TiO,, and ZrO,), hax#a Support Wil irreducible
(AL,O,, La,0,, MgO, SiO,, and Y,0,) %'wmmmmmmﬁqLmﬂugﬂﬁ 3.2 luwussmnsa Support
WL irreducible metal oxide 1 ALO,, La,0, iar MgO lusa Support ﬁﬁqiﬁﬂ@ﬁ?aﬁww‘uﬁq
Sinudsafueulaeanlsffaetrefiaiasnmanniign uazlffFafnanuusaseiisen R

UUFM Support ALO, Uar MgO azHpNgInINeaLtisen Rh uusia Support La,0, NN, 494
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DI el s i Rh uusa Support Si0, uay Y,0, HAAING1 ALLO,, La,0, uar MgO
1. ludauressiada)izen Rh uusa Support WUL Reducible tiuarildneninsenszuaunis

IefuRannd s Support WLy Irreducible
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g‘d‘l‘h‘ 3.2 Carbon dioxide reforming activity over Rh catalyst with several supports [29]
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Saturator/Condenser aznunuil 3171 4.2 uaz 4.3 uansLpTasdaTY 2 TUAAINATY

—
; ™
Helum | - Mon-return valve Non-return valve
= T [ Ctlet gas miure
‘- (steam/He)
'\_\‘_\':—:". f_,_.-'
Botling water LS
L _ ..
k! (for evaporation) ~ 1~
o deiomized water i3 i3
- 2] [:22
£ s
s fies
= Halkh WWartming water
i2 28 T (for partial condensation)
il
7 ) 1] [ies

Heating Plate

g‘dﬁ 4.2 Saturator/condenser system
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gﬂ‘ﬁ 4.3 Evaporator system
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gﬂ‘l‘?‘i 4.4 Catalytic Reactor
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Tudoun 2 2essvuy vivedauniiaUfisenTuiuardssneudaeirsesdjninl (Catalytic

b

'
=® ]

Reactor) @qaginnelulsnien (Furnace) JUN 4.4 wassszuuAsnann daesesdnsaildinann

a

b

Quartz H111A819 30 WUAWAT TuuRANANAeNld Quartz ununayld Stainless Steel Watlasiu
a I a a % 1 tﬂl Qtﬂl ¥ =) =
nafiaAfusuLEEasWluesie Wesanguu)iinldgeds 800 asa AT A
Tudaugaiinevsadadnmvinatiuasldirsesiia 2 aliaAnwnaveslizenne  Gas
Chromatography ka8 Mass Spectometer ImeLATeY Gas Chromatography azldAmeinaluau
NaN1z18992ULAIN (Steady State Condition) @31 Mass Spectrometer Az l431AT1=WHA a1
gannqzreerruuinsilasunlainanniian (Transient Condition) WAZLATaEY Mass Spectrometer

%

(
o A o = - ~
ENQfﬂfﬂL‘W@‘V]qﬂq?ﬂﬂﬂqﬂ?ﬂqmm@\?ﬂqﬁufﬂuﬂ

Lﬁm%uu?mmﬁwmr;*TfJLéqﬂﬁﬁ?mwﬁuﬁuimﬂ%ﬁmzmu
N19 Temperature Program Oxidation (TPO)

\F384 Gas Chromatography A41Tue309 Shimadzu 14B faeduiinin Porapak Q @gjne!
11 wazd Detector 2 GfimAa Thermal Conductivity Detector (TCD) wag Frame lonized Detector
(FID) miﬁmqmﬂ?mmmmﬁ”ﬂsﬂuﬁﬁL%’sz Gas Chromatography A ldpnu A ST g
nefuBsnnfTidnan Tasende Internal Standardization Method lunis@nuanimnu&NuE

B9azatilugilanian Response Factor (RF) Aauandluannsfnuany

_ concentration (atm)

RF

peak area

1%

AINNNINAARIAT Response Factor 18481 9uWA Az 1iAN A9

Gas RF RF relative to O, Retention time (min)
H, 0.45 1.40 0.50
0, 0.32 1.0 1.01
CO 0.26 0.81 1.03
CH, 0.12 0.37 1.43
CO, 0.29 0.90 2.44
H,0 0.21 0.65 6.51

ludauae9ATas Mass Spectrometer 71 Lfiludimsad QMS 299135 ESS N1FAUITUNN
unuingusiacatinluiaszanAuanuduiusssndnelsunufinaiuaugeresdny i i3y

Iasld11aNN13 External Standardization
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UaNaNTULan Waliaiunsnaiiunimaaadldasinallsz@nsnin n12aiiungludusa
WAansliulg Lmzm'@Lam:uumﬂummmmimLﬁmm?mﬂﬁﬂmi (Catalytic Reactor) \ilu 2
di A Ao o = = = o \ = s X o
WATENANNANNHINEATENALY JUN 5 AIUANLAAITEULNYNDBNKUL WATATINIUNT TnesyuLa
ﬂmfa%gﬂrﬁimﬁ’ﬁmﬂ?‘m Gas Chromatography / Mass Spectrometer (GC-MS) 1 lsig1:130%
n13ALATIZFLATaLLL Steady State Condition waz Transient Condition lug@quaa9nnsdalTunmy

AIfUEBLLRNTeANs LT Tua N AN A lne diees TGA-MS Asuanslugl 6

FPret IMam-reformer

GC

Evaporator
[ ]

M=
W ater Injector-

TGA

519 4.5 szuunfutlyauieldlunimeass
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4.2 N9TUIUNISTIUNITNARDY

fanlinanannludnesiu namaassanunmautiadu 2 daulunjAenimeans? Steady State
Condition LazN1INAABSN Transient Condition
naaesli@niae Steady State Condition azildumauiv@u 5 duilsznausaenisldfag
dfmsednllluesesdinenl  nrsdfuanmaessiadaljisenlinienneunimaany (Pre-
Treatment) ns@sRuigianaIengszuy  nsauanududuaesinausazaiaianinig
=® a g tzll VYo 9;/ N ] o ' aaa ¥ ] 2’/ v = o
A uaznisianzikanlaiy Tuduneuusnaenislddasalfisadngszuuiusiasiinigionis
NARAINAUNINAARNATS  (Preliminary Experiment) Lﬁ@mmnmmmﬁm,éqﬂﬁﬁ?m WATITULN
wHnzaNuinsAnENgatiume lliiAinan1ae Mass and Heat Transfer Limitation taganinzsd
1 % o 1 aaa o (2] % 1 ﬁl a o % d’
nanalsznavdasruinesdiadaljisen  dnsnisiuaresinadngirsesdnandiusiu  dananis
naaasianarazlngesluundaly
Tudaui 2 vizanistFuanintessiaisalizenneunimaaesii foselnsanuuy Metallic
Az6ie9gn Reduced saelalasiannaniinismaasiass visiliienidnaniag Oxidized State 284517
1 aaa 2% dl . . . . 1 G o 1 aaa 1
ez livuall 1feasain Oxidized Metallic Material azliiflusaisqisensianszuaunig
Tafufiann N1 Reduce Audarlisentiu fadsdiseusazatinazldan1aznis Reduce Ml
= o dJ o | v o dl dl dl | o ] o A oY dl
wilauiugsRusamiinimeaeienan1nensnzanngauiu ludsudnuiaanistlauiin

'
24 o o =

auladingseuuiii A mdunscuaunisanafuialimusaetintu fadrAnynanduseslddnligseuy

1
=

1 3 7tinpe Jnu lann wazlalasaululBuoudntdes anmeasiesiinigldlalasaudnly lulFunn
c v dl' vl = X Al |
andesiiiasannladnisseauainnisdanenszusunisilueanfiunndiniseulatasanly
Pnnndntiesdngssuuamnsniingnanisialjisesefuiisléednam  wazain  Chemical
. o 1 o 2 1 o 1 = I8 till dl
Mechanism  284N9ELAUNIIAINAAIAAIAUANAznLdHmBAz la N sngnanesuieaey
T/lalasaulsiae wirawasulddaannunldiinigldlalasauEusiudngszuuiiiasainnis

14 1 i
Adsorption 21841139 2 iRAEanennis Adsorption esilinulunlfizend 1 1n

CH, + n* = CH-n +  (4)/2H, (1)
HO  + ¢ & 0 + H, 2)
CHx-*n + O-* -2 COo + x2H, + (n+1)* (3)
H + 2 & 2H (4)
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TunsnaaaR@MANHNATESATN  (Stability) WAZANENIW  (Activity) UBIADLE
UfAsendurnudndurasfimudngszuuda 4% anuduturaslatiidigssuufa 10%
wazAMNdNTurasilalnsauildda 1%  douguuginldlunisAnmAa 800 @
waidea lasanifvanupifmunsandmiunmsldnursaradidamduunauupiigs
W4 MCFC wag SOFC Fams@nmnszusumsinasuiaanmpfisanaaunsaldiselam
lumsAneniliiedszendldnuuu intemal Reforming lAdnediu

fwsunisnaaedlugning Transient Condition asfifuneusisau 5 dwdudulszneudas
malgsniselfiRednlueiendinm!  netlfuanmaesiasel st ldwianraunimenes
(Pre-Treatment) m@mmuﬁﬁeﬁ%mmﬂLmz;jizuu mﬂﬁwqmmﬁmuﬁiéﬂlﬂmmuﬁ (Temperature
Program) %Wﬂﬂu\ﬂu Temperature Program Reduction (TPR), Temperature Program Reaction
(TPRx), Temperature Program Hydrogenation (TPH), Temperature Program Oxidation
(TPO) Lﬁ@ﬁﬂmmi{ﬁmm‘fu'auﬁﬁwmﬁqmﬂﬁﬁ?m LATNIIATI L ATILESL Tuanu

Temperature Program (TP) siuufazdsinnasinisldinassriaiuinaasld 5% lalasianluan

|
=

TPR waz TPH 14 5% Hmuluanu TPRx wazld 10% dandianlianu TPO Tnaazdalranuniaaa

9 a

dgl dl a v d? dl = Y o QI a
sruLgauAINguunTesaulin 900 asmmadalaelddnsnisiinaesgnmnl 10 a9

= ' =
FIALEARN BN

4.3 ngMUIMNNANIAAINNITNARDY

\alduan1Imaaasain Gas Chromatography W&9N1311AY Methane Conversion (Xy,,) A%

o

arunsnAnldannanuduiusaasinunldnswlu Chromatogram (A) fuAN Response Factor

(RF) 284uFaz Component 1ag l9auN1sALAAIATUAN

X, = (RF co ¥ Aco )"’ (RF co, * Aco, )
o (RF CH, * Aey, ) + (RF co * Aco )+ (RF co, * Aco, )

Ingannisdsnamanunsnllduuanyfgiunasuensesiimuiomaasullifuanfueu

q

nauaenlad uazArfuenleeenlad diudn Rate 2eenafiaUjisenarlduazesdn  Methane

Conversion 1A A 11N199 AananalaNnIIeNLas

*
Rate = —FCH“ XCH“

Cat
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4.4 mswpsaNaslnisenldlunisnaaas

[?TqLéqﬂﬁﬁ“ﬁ‘mﬁLﬁ@ﬂ"ﬁﬂumiwmﬂmﬁﬂ@:ﬂ@ué’qami Metallic Material A& Rh, Pd, Pt uaz
Ni d9upia Support Faifli Oxide Material Usznaudng Al,O,, MgO, ZrO,, Ce0,, Ce0,-Zr0, WAz
TiO, #48n3 Support WaANHNLEY CeO, 1Az CeO,-Zr0, asnsnunieldiiall (Commercial Grade)
dougnsBuduiiaz i Metallic Catalyst tuaz 1483 Metal Chioride (MICL) Tael Mt A Rh, Pd,
Pt uaz Ni 1iad 1nisazane g nsdiuivanzan uasinnng Impregnate @13 Metal anid
U9 Commercial Support 597 Tnetinnaniuuazlddnsan1anau 100 rpm unan 6 dnlua

a

v ! ! 1
anntulianFeuie Wiiansszmeetiedi dildeufignuugi 110 esradsadungd 6 49

a

14 wazin 1 (Calcination) ﬁfqmmﬁ 900 RAANTALTEIE

&2UF2 Support CeO, WAr Ce0,-ZrO, MFlunmaaeniasinnissiestuiedag
anAEnsyLauNng Co-Precipitation dlumswiaey CeO, vuansBuduiildAeassznaylumm
(Ce(NO,),-6H,0 (99.0%)) Slenauarsidniy Ammonium Hydroxide Waa@13udsenay Cerium
Hydroxide (Ce(OH),) AzANALN@UAANNT NINITNIURARRY 3 %Tmﬁ@lﬁﬂﬁﬁ?mﬁﬁmﬁu
anyInd andufinsesansfandneenun  vnisddentn  uazienueaiiellesiunsiin
Agglomeration 18ausiazlniana ﬁﬂﬂ@uﬁ@mmﬁ 110 avrnaidoailunan 6 Falue uaziinlhen
(Calcination) igauunil 900 erniTaiFaaiiasensideusialyl

A uFunaeensa Support CeO,-Zr0, Huariinszuaunsadnafumswiey CeO, wanau
NNTHAN Ammonium Hydroxide L‘ﬁﬂﬂ‘&‘u@Sﬁ’]ﬂ’]ﬁ‘N@NCe(NO3)3'6HZO (99.0%) At ZrOCl,-8H,0

(99.0%) JARTAIUNNNITENAAL

4.5 NISNAKAUAMANTANINMANNUBIAILSILU N8 (Physical Characterization)

rﬁTfJLéqﬂﬁﬁ?mﬁqﬂ'@umwéﬁmﬁ‘mmmﬂxgﬂﬁﬂﬂmmu@m@uﬁﬁmqmﬂmmﬁ@ﬁﬂm
mﬁ‘Lﬂ?nlﬂuLLﬂ@qﬁulﬁﬂqmmﬂﬂﬁﬁ“‘ém Tnannameaeussnansaziszneusaenisld  Brunauer-
Emmett-Teller (BET) method Lﬁ'@mﬁuﬁaqmﬁwﬁﬂmmﬁqLéqﬂﬁﬁ?m n3ld X-ray powder
diffraction ~ (XRPD) Lﬁ@?ﬁﬂmmﬁﬂi:ﬂ@mmﬁQLéaﬂﬁﬁ?muﬁqmmmm gl X-ray
photoelectron spectroscopy (XPS) Lﬁ@ﬁﬂmmﬂﬂﬁlﬂummmﬁqLﬁ*\iﬂg‘jﬁ“ﬁ‘muﬁqmﬁwmm uay
N34 electron microscopy (SEM, and EDX) Lﬁ'ﬂﬁﬂm‘ﬂﬂim?ﬁqu?mmﬁuﬁwmﬁqLéqﬂﬁﬁ?mﬁ@u

LATUAINTLLIUNNTIN DTS

38



v . - S ave o o
euaniauiatiuasysol Tassnseenuuuscuunan lalasiaudslddngaunaiunsan il
Y ‘ P
dszmalneduansiesilfadnaflszdninwieldlsylemilusad demasuuuean lofraquds (MRGA4780166)

=b.

UnNn 5
& o

a alay '3 @
NI1THA m‘lﬂtﬂﬁl’quqflﬂﬂqﬁﬁﬁmuﬂu'ﬂ\‘]ﬂﬂizﬂ'ﬂuLﬂuﬂlwu

5.1 NISNARDILLDIAULNAUIANIENLUNIZANFINSTLNSTZUIUNTINBSHHS

1 3 1
panlanananudn grungiinisldiuresaadimemasuugumu)igeagnlszunns 700-900

U

a o o = a r a o aa o = o | , X
AIALTALTEIR m\juuélumf]?ﬁﬂjﬁl’r]ﬂﬁ‘gj_l')iﬂ-]f]53V\l'ﬂ?Nﬂ\iuuﬂqmﬁﬂmmquﬂqﬁ'ﬁﬂjﬂqﬂﬁ')@@:ﬁ'ﬂ%lum')\‘]u

[ d' 2 d' [ =2 = . . . ¥
fnel waviialiuanlgainnisdne lulnansenuaas Mass WAz Heat Transfer Limitations nun

|
O o A

dl ¥ ¥ A Y o 23 g ! aaa =K | AI 4‘ ¥ I
Nendasdon nsdenlddnsnisiuaaesing aunvesiaisaljisenaaiuddnAryiedadosinig
4 o 4.
NARBAUNDIABNANITIMNNZANTIgAAIwansia LY
Adl o 2 ¥ ! dl a a‘d‘ dl o/ 6V
Wweamdnsnisluasesinadnginsesdfnsnifimnzasian  dnsnisiuasanzesfinngn
\WaeuAFeus 20 D9 200 mi/min Tesasednsannieluaresdfnsninldhe NizALO, Htmrin 50
mg uazldimu 5% 1 10% lalasiau 1% Nn1meaesnguungil 800 83 IALEE A1NNANIT
4 o . o oy : ,
naasailaguAdnsnsuaresfinanalussuanslugif 6.1 wudnndnsnisluasinga 80 mi/min
HudnsnanalisenfAulsiunndnsinisiuadaliesnnainnisiin Mass Transfer 981919
fnglpeisay (Bulk Gas) ﬁuﬁ"wu?mmﬁuﬁwmﬁQLé\iﬂﬁ‘ﬁ?m% LLm'5ﬁﬁmﬁmﬂmmmﬁﬁeﬁgqmﬁ
80 mimin udAdRsINIaialfAsenallasuulasmnndnsnisuagadugaeiiaagldlunis

nAaed AwiulunmaaenAs dnsnsluaresfingsmuazgninua A 100 mimin

Reaction rate (mol/kg*hr)

O I I I
0 50 100 150 200

Total flow rate (ml/min)

s 51 avwduiusssudednsniaiadiseanefuieiudnsinisivalneasanaesfinguiiu

u

FyLLLUALILA TN Ni/ALO, NgnsmnH 800 avA AT A
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waNaNKALeddRIINITIalaumNuss  unTesdusL e AtnasansyuaunITEuil
dll o 1 aaa dl dl = 6 QI }73 o | aaa all
Wemaunvessiaselisennvanzanign  nszusunsTrefuRslngliaunnvesinalgisen
WANANAUTENINE 100 D9 500 pm AsgnAiiunIsnneluan1nznImasesReaiuNIIANEINAYes
gnsINTTiva T9RINNIIMARBINLINHETUATEIARLINL e g se1d1a 100-200 um ANERIINIT
a aca ! 1 P o %I/ o ! aaa ! o ! =
nalisendeudneazad Anfuaunvesiasadiisan luteesnanasgnltlunimaaes

dl 14 o ! v o a asa dl ¥ 1 |

WaldanazAsnanlunimeseuds  dnsnisnadisanivnldainnimesesiiazidy

o a aaa a . . dl dl 1 a a K ] [~ a
8ANNANALNNTENA3¢ (Intrinsic Rate) Tansilazuutlassing ninaawazidunaunainaiinaes

LTV

5.2 MsANEANENINUBIALSIL NS EAaNTzUUNTT AN aHnUAN

TuszazBusuwideliisemiauladu Ni/ALO, ¥9a NilCe-ZrO, gnidenieAn®IAns
antiRsanszununInesuivetazifan  TnanisatunmeaesarlsznaufanisAneAm
antiRsanszuaunIne Nt vazRAUNINATeINITANE  Wiranisin lalasiaunnay
Tuaneileusednaniafinljizendinans sandanisAnmieniAn Chemical Mechanism 28959
wefnsendanaaie sy lamisald vdsantudasadiseaialudidu Ceo, fiazgnAnmluy
o K 1 o =X 9/ o 1 A o a aaa = 'y A o pry = o .
srALANIUTY DeudasAenanaariidnsnisiialisetsnesuieAniledauiy Metallic Catalyst
' [ % 1 = |dld ¥ ' a e a}a dl Y o £
wigsAsnanailselemiluwdnianusumIusen sfinAFUuNHagINIn  edansANEIuAY

A v [ % { 1 aa = 6 1 a
L@‘ﬂfﬂfﬁ’&’}?6’1\‘1ﬂ@’1ﬂlﬂEI’NQﬂ’Jﬁ@%Nﬂ?ZIHTHW@ﬂ?ZUQuﬂW?N@ﬁliaiﬂﬁ‘mumqﬂ

= 1 = ¢ a
5.2.1 HRUBINLNUABNTLUIUNNTINATUY
Tunismeasstianududuaesinalimiluaratlauazgnidasurlnsnruauanduduaes

%4

ansriinaue Weeh denan lifsuanalugii 5.1 Inednsniaiadfisenaessiadenl §isens 2 aiin
1 v 1

TANANAUATN AN N UIAIN NG FIAINNITANUIUNLINAY Reaction Order ARININUAINTUFN
W$eUjiBen9a 2 alladAWinaL 1 1@Ne N19AIMIUYMN Reaction Order @11190%1 lHAINANNNIFY
X
ANl

Rate=k'P,"P,,, "

— (I ny % m
Rate=(k'Py")* Pey,
Rate=k* P, "

In(Rate) = In(k) + m(In PCH4 )
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E

K = de *T

In(K) =In(4) - (%)

3
P ©800°C
£ a
F.i 5 | B T s
: . _#700°C
3 O T e 0p500C
2 1 o
o B %
£ | Ry
Z g

0 T T T T

0 1 2 3 4 5

Methane partial pressure (kPa)

1% 5.1 navesimusiednInafinlalasiaud uiy NilCe-Zro, gy s

5.2.2 NAUBIUIABNTTUIUNITINATHI

X Y =2 o = = . ) e oa | = !
NNINAABINATARNARITLNIANHINATRININUAaNTTLIUNTIWefNEY  usazidAsuAd
pndnduredletidngssuvluzes  Tnaaruanliipnudnduresfimuiidiaed  navenis
o N A o 4 o A lama a o X d v &
wasupudnduresiduandlugln 52 @dnsnafaljisenasiAninaudeanudndy
gOJ a QI d%/ 1 1 ij/ o a aaa dll QI %7/ v
galathfAninTulugausn wiaandudnanisfialjiseiazanasiaiiuiFuineeddetingig

svuulilizes
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519 5.2 uareatiunnmisednsniaiinlalnsaudiniu NilCe-zro, Ngnm

%4 1
ATUAN

o ana v A dl
* LL@%VIWﬂQﬂ?HWﬂUNLVIuVI

20
< 16
c
S
2 12
g
2 800°C
8
o 8 1
S 700°C
£
Q H
E 4

0 T T T
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Steam partial pressure (kPa)

)

20

NFNeT

| 4
AMBAINAIaINITnes L ldAINNITLauN i nlAseane s el musaain Aauans

CH, + n° =
HO  + * &
CH-*n + O-* >

H + 2 &

2

CH-n +  (4-x)/2H, (5.1)
o-* + H, (5.2)
CO +  x2H, + (n+1)* (5.3)
2H-* (5.4)

dl .;I v v % | 901 =2 a o 1 aaa dl 'y
s AN NTUaastin T m%gﬂ@meﬁuuummmmL‘a\‘lﬂgmm (*) inanafu O-

=S

a a

ONAATNUURATRIAUTNUNTEN (CH,-n) luanni3n 5.3

uplLiadFuNu

ihnnifuldnisgaintinuuiinresdaidalfisanardnaananisgaandmuuusiasal fasen luasnis

dl o YV o a aaa
N 5.1 LLﬂz‘Wﬂ‘M‘ﬂ[ﬂ?’]ﬂqﬁLﬂﬂﬂ{]ﬂ?ﬂ’]@ﬂ@\‘l

5.2.3 natradlalasiaunanszuaun1sanasuag

Tunismeaesll aziinadnfinglalasaudaanudndusiae dnldluanetlew wazmiugu

v 9 a A y o =y vo = o a jamm o
V’]Q’]NL?JN?IM?I@Q@’]?%M@@M‘] AR mmwimmumﬂugﬂw 5.3 Iﬂﬂ‘ﬂ[}‘]?’]ﬂﬁﬁ‘mﬂﬂ{]ﬂﬁ‘ﬂ’]‘ﬂ‘ﬂ\‘l[ﬁ]%ﬁ\?

Ui 2 alleazidndalng o snieliinsinlalasaudrgatetiowan wazdnsinisiia

UfisenaiAnivnauies Wepnudndureslalasauidinaau nsilalasauaiunsniagn
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a aaa =l '8 QI 9 dl dl 1 o 90// = 9; dl a a
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Hydrogen partial pressure (kPa)

51 5.3 navestFunlalasausiednaniafingisaives NilCe-2r0, Mgy Hsi1e

5.2.4 NALRIRANTLAUABNTZUIUNTINATHN
Tunimeassll azlinamnftmeendiaudoaanidudusine Wl uaretlew uazmounx

pNdnduesansatinaw Wasnaauan lddeuansly gu7 5.4
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Methane conversion (%)
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Oxygen partial pressure (kPa)
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Table 5.1
Reaction orders for the components of interest (CHs, H,O, and H;) from methane steam
reforming over Ni/Ce-ZrO, (Ce/Zr = 3/1) and Ni/Al,O; at different operating conditions

Components Temperature Other inlet Reaction order for components of interest

fintere N iti
of interest compositions Ni/Ce-ZrO, (Ce/Zr=3/1) Ni/ALO;

Methane 650-800 9kPa H,O / 0 kPa H, 1.0 £ 0.04 1.0+ 0.01
(1-4 kPa) 12kPa H,O / 0 kPa H, 1.0 £0.05 1.0 +£0.01
15kPa H,O / 0 kPa H, 1.0 £0.02 1.0 +£0.02
9kPa H,O / 1 kPa H, 1.0 £0.02 1.0 +£0.01
9kPa H,O / 3 kPa H, 1.0 £0.01 1.0 +£0.03
9kPa H,O / 5 kPa H, 1.0 +£0.03 1.0 +£0.01
Hydrogen 650 9kPa H,O / 3 kPa CH,4 0.18 0.31
(1-4 kPa) 700 9kPa H,O / 3 kPa CH,4 0.20 0.28
750 9kPa H,O / 3 kPa CH,4 0.18 0.34
800 9kPa H,O / 3 kPa CH,4 0.19 0.33
700 9kPa H,O / 1 kPa CH,4 0.18 0.29
700 9kPa H,O / 5 kPa CH,4 0.20 0.32
700 12kPa H,O / 3 kPa CH,4 0.25 0.39
700 15kPa HO / 3 kPa CH,4 0.28 0.42
Hydrogen 650 9kPa H,0O / 3 kPa CH,4 -0.31 -0.15
(12-18 kPa) 700 9kPa H,0 / 3 kPa CH,4 -0.30 -0.16
800 9kPa H,O / 3 kPa CH,4 -0.34 -0.15
Steam 650 OkPa H, /3 kPa CH,4 -0.39 -0.37
(5-15 kPa) 700 OkPa H, / 3 kPa CH,4 -0.40 -0.39
750 OkPa H, / 3 kPa CHy4 -0.38 -0.41
800 OkPa H, / 3 kPa CH,4 -0.42 -0.40
700 1kPa H, / 3 kPa CHy4 -0.31 -0.31
700 2kPa H, /3 kPa CH,4 -0.25 -0.24
700 3kPa H, /3 kPa CH,4 -0.22 -0.19
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Table 5.2 Reaction orders for the components of interest (CHs, CO,, CO, and H;) from
the dry reforming over CeO, (HSA) at different operating conditions

Components Temperature Other inlet compositions (atm) Reaction order for
of interest (°C) CH, Co, H, co components of interest
CH,4 900-1000 0.05 0 0 0.52+0.02
(0.01-0.04 atm) 900 0.10 0 0 0.50
900 0.15 0 0 0.51
900-950 0.05 0.02 0 0.54 £0.01
900-950 0.05 0 0.02 0.53 £0.02
CO, 900-1000 0.04 0 0 0.10+£0.02
(0.01-0.09 atm) 900 0.02 0 0 0.10
900 0.07 0 0 0.08
900-925 0.04 0.02 0 0.10£0.02
900-950 0.04 0 0.02 0.11£0.01
H, 900-1000 0.04 0.05 0 -0.31+0.03
(0.02-0.06 atm) 900 0.04 0.10 0 -0.28
900 0.02 0.05 0 -0.34
900 0.04 0.05 0.02 -0.30
CcO 900-1000 0.04 0.05 0 -0.11£0.01
(0.02-0.06 atm) 900 0.04 0.10 0 -0.12
900 0.02 0.05 0 -0.15
ann nna N NS nn» -010
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51N 6.6 FuUNITAAAIFUAUNEFUINT LIRS RINAST A UTTAFN

u

0.8
=
i)
@ 06
E
X=]
5 04
o
3
o 0.2
2
i 2 ——g]
2 0 * *— X
900 925 950 975 1000

Temperature (°C)

7 (H,(K), co+H,(O), cH,

+H,0(@®), cH,(0), CH,OoH+H,0(M), uazC,H.OH+H,0(A))Ngnmyil 900,925, 950, 975 LAz

1000 C

s 1 90, 1 &I a d.d 1
6.5 narRdansIdIuNIsAadanaslalnsamsuau (CH, , CHOH uaz C,H,OH ) filluasanis

LN/ Carbon formation

Warnnialasudnsdiusesleannsaiamaslalnsaniuey (CH, CH,OH uay C,H,OH)

AMNERTIEI1 3:1 1111 4:1 UaY 5:1 AINANAY USHNuaed Carbon formation M lgsauanalumis9n

6.2

A15199 6.2 LAASLSUNnuaa9 Carbon formation Iaglddmndnuaadlatinfamanasneny

= da/ =
FRALTANAITT AL

133104984 Carbon formation # 900°C (mmol/g)

latin/imamas = 3:1

latin/ATaINGS = 4:1

latin/\TaINGS = 5:1

CH, +H,0 0.55 0.42 0.27
CH,OH +H,0 3.08 2.86 2.54
C,H.OH +H,0 4.27 4.20 4.09

ANAITNN 6.2 AzWUINHARNARTZIU9 AN AT ANAINING ANIRIANTLAUNATILY

1 %
Fuaranasludndoungs widmiumemAsunIusaLaeNUaaA1TaIASIAUNESIITLARAS

T Bunadlaunn
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unn 7

nszuluMsaNasuiatanIuaaniadi (Ethanol Steam Reforming)

ﬂ?xﬂ%%ﬂﬁﬁﬂﬂ‘ﬁlﬁdLﬂ%ﬂu@@ﬁﬂﬂﬁﬁ@:ﬁﬂﬁﬁ?ﬂﬂﬁLﬁﬁl’ﬁfﬂ\‘i@@: 4 ﬂﬁﬁ?miﬁm&i%mmz
ﬂﬁ'ﬁ?ﬁmﬂmﬁmﬁuﬁmqu@mmﬁﬁh\‘iﬁu Imﬂﬁ@‘mmﬁfﬁ'q (200-350 °C) ﬂﬁﬁ?ﬂ’]ﬁl,ﬁm%uﬁﬂﬂﬁﬁ?ﬂ’]
NN94818FA22A9LANIUAA (Ethanol dehydration) nagLiluanslsznay Acetaldehyde (CH,CHO)
antuaslszneLdanaIasAnn suAnfalul iy (CH,) uazAsuauNauaanlas (CO) Hiauni

pauanslunljizend 1 uay 2

C,H,OH —> CH,CHO + H, (1)

CH,CHO — CH, + CO (2)

al

dl a 41{ aaa a aaa a d? A aaa = o al = v %’
wqmugmzjwu%mﬂgmmﬂﬂ 2 ﬂgm‘mmmum@ﬂgmm@ﬂmummmumumam

(Methane steam reforming) waziijisen Water-Gas shift reaction ﬁQLL&m\ﬂuﬂﬁﬁ“ﬁ‘mﬁ 3 uay 4

ANUA
CH, + H,0 —> CO + 3H, (3)
CO+H,0 — CO,+H, (4)

1
o ]

AuaNURNAATYd iUl fiTanaesnszuaunisInainiananNa1n 90 luni9in
Ufsen uazANsUuIWsAanIafinASUauLBNWEY wananiuudasageljizennnacsaiys

a

nngailegnliauiguungiige (High thermal stability) waziAuEIUNIUFAaNIRdaNANNITHEY
anansdwdleuunesiia (Poisoning) IuLLd@mmuﬁi?mwmﬂmwmmﬁQLéqﬂﬁﬁ?mﬁuﬁqmﬂﬁﬁ“&mﬁ
= = : | PN = | o = A g9 = ° =
AAYsHANAIUAaNnAend  wazliifaniadaglidunisin vsauanileldeuaazinunganis
dl dl o I % %4 ¥ a :J/ o
wasnulasluGesesnuanimnisiiemannien wazaiaansld Tunisldauasaiuginsaaessi
! asa alld o é’ ¥ dd’/ dla ] %’ o A o Y
AT MANAINITTugLuAaAasATINUT R sie N vFe1iNnsge uazyinlfiinnisanaaes
AINMAU (Pressure drop) naluAsesdfinsnitesign A wmiusasedfisenldlunszuaunig
esuRanendn lalasiauiiy wudisnelumy Vil dutlseneusiae Fe, Co, Ni, Rd, Ru, Pd, Os, Ir
and Pt awnsawdusndalfisentesnszuaunisdainannld adndlafinaldianeauninuneien

foariunisidenAnenin  (Deactivation) 2edsaisaLAsamalileldunialinszuaunisd
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nana ?ﬁlqﬁﬂ;muﬁﬂﬁﬁﬂﬁﬁqLi\iﬂﬁﬁ"&mLﬁmmﬂﬁ@mﬁﬂﬂmwﬁ@mﬂ,ﬁmmé‘ru«ﬂuu?mmﬁwmﬁfmq
Ufj7i3e (Carbon formation) WNWN32L9UNNS Boudouard reaction ¥38nszLuNg aaeFaRae
ANNERY (Thermal cracking) nafignstudeunneringy fnusdu (Sulphur) MUFAZENALFE
Uf)iFen (Catalyst poisoning) Lwsiu luilaqiiusaisaljizeniliia (Ni) gnianldiuetnaunsnans

Hasaniladefinuean uazdiunn (Availability) 1e9ansating Asiuluwaddaiasldiasal iz

Ni/ALO, uaz faidaLlfisanttin NilCeO, Ndanszimdnandauimuizanauedlun1maaes

7.1 N19ALUUNITNANDY Lﬁﬂﬁﬂﬂﬁﬂizuquﬂ’]ﬁ‘?ﬂﬂéNﬁﬂL’fJ‘VI’Tu’f]ﬂ A28117

WeAiunnsAnEnszuaun e suTaentueadostn ainsaiessuuildlunne
mm@mim@'quﬂi:ﬂ@wﬁﬂﬁ@Lﬂ?’lmﬂﬁmrﬁ (Catalytic reactor) uananniiminszuL Evaporator 1
unliitelanansnpuandmsnistiauzesieniuea LmzﬁﬁLﬁﬂzﬁi:umﬁﬂﬂwﬁﬂi:ﬁmﬁmw el
i::i_luﬁmdw%gﬂﬁi@ﬁ’]ﬁmﬂf}m Gas Chromatography/Mass Spectrometer (GC-MS) e lsK
ANNNT0RINNIALAIN TR ALTZ N AR AT AR TN NN SN ST G NN ONAR AT
aiinlnaanun s LLmﬁ?mmmmma‘éfﬁuﬁmm?ﬂ'@ %QLL‘LIU Steady state condition Wa¥ Transient
condition Iumumfa\‘imﬁmﬂ?mmmﬁmuuuawm&TfsLiqﬂﬁﬁ?mﬁuﬁuﬁumﬂmﬂﬁl%ﬁm?'m
Thermogravimetric Analyzer/ Mass Spectrometer (TGA-MS)

s

TudauaaanisaniiunisnaaesduldiinisAneluantaen lddfodadjisen

|
A o

(Homogeneous reaction) wazisiaidaifjisen Tunstizesnisdnmsoasiaidaliisen Wevianis
ussqfadaLlizenaiin Ni/ALO, yi7a Ni/CeO, udnflaueniuea uaztidngszuy azvinnsdndnam

N1TAAIEAIYRAENIURA (Conversion) PandednsNaiinlalasiaungmuuugisne) i (700-1000 °©

o

C) WeAnuNavesgmnisednsdalunafinlfisen uanainniaAnuaesguu)uds v
nadndnsniaialalasiau (H, Selectivity) f;“ml,mam‘mwmmﬁméqﬂﬁﬁ?m (Stability) Taein13n1n1g

1 tﬂl | = KX o a 'y dla o | aaa aa
naaesfaliletduinan 600 wh saNdeinTHINNsARANTUeUN YRR TRt

Temperature Programmed Oxidation (TPO)

711 msadasuiaanuasanigin TnadsiAainmaselfisen (Homogeneous reaction)

1 v
fewiINsAnENITLIBNMTINesEaiaetnLWanINLUATTEN NiALO, uaz Ni/CeO, 16

=2 aaa = 9 QI 4 %JI o 1 aaa dl a o dl ¥
nsAnEUiseneenisTnesuiefaainlnalmAaindasel jisengumgisne o el

u

'
A o !

WeuiuuuunRdaslisen nanlduandugdi 7.1 wudn Adagmuugian (200-550°C) aziin

k1l

v
a

Acetaldehyde (CH,CHO) uazazgnilasuliifluansdulugnmningaauaaigumg)ideaiu e

UBARZAINIIOLANGY (Cracking) Wudmu (CH,), lalasiau (H,) Arduauueuaanlas (CO), uaz

57



v . - S ave o o
euaniauiatiuasysol Tassnseenuuuscuunan lalasiaudslddngaunaiunsan il

Y ‘ P
dszmalneduansiesilfadnaflszdninwieldlsylemilusad demasuuuean lofraquds (MRGA4780166)

ﬂﬂ%ﬁﬂuimﬂ@ﬂieﬁﬁ(coz)iﬁ LAZAINITIAATEIAY (Conversion) UBLANIUBA (C,H.OH) azulstiulag

ZENPTGINP RN

100

90
= 80 |
<
S 70 1
g
@ 60
<
o 50 -
(&
@ 40 -
2
)
5 30 ’
)
8 20 - X (cﬁ’m’m&‘o"m‘“@oo’&?&
- $
8 10 S e

i;s:ﬁi‘ill_{_limﬁl-ﬂllqli'“-_l.il_ﬁi.ll_lr_.ﬂl
0 ===m XXXXXX> o0cess Ly

150 250 350 450 550 650 750 850 950

Temperature (C)

a

< | . : Y A e oa v ¥ 4 |
E‘IJ‘VI 7.1 AN Selectivities ﬂﬂﬂ@ﬁ?lﬂ’]\ﬂ V]1ﬂ@’]ﬂﬂ?$ﬂ')1&ﬂ’1??7\lﬂ?3~l3~l<‘lL@V]WH@@@QHMWW‘QMMQN?&MQWG

200 ©iv 1000 °C lagtlsAannssailjisen (EtOH (A), H, (@), co (0), co, (), cH, (),
CH,CHO (A\), C,H, (<), and C,H, (®)).

7.1.2 dnanwlunsuanlalnsiauainnszusunissasuiaamuaaniain  Tnaldmaigs
U7A%5e1 Ni/ALO, wazAdL591])AFeN NilCeO,
a g = =2 o a = ¢ a
nsmasasENsulaanisAnEntsdnan wlunisuas lalasiauainnszuounisine fudaeni
v %’ Aﬂl a o (% 1 aaa . Aﬂl Y o -dl
waAMILUN UM RGNS AuLuAaLaLTEan NifALO, (Lab grade) uanldssuandlugiin 7.2 wu
1 dl a d’f = ' a % d%, :j/ = [
JiaguuYigeanenueaanmIasi  wazkaslalasiaueanunlduinay anduAnedng
1 v !

nwlunisuanlalnsiauannnszusunisiesuiveniueadoeun Ngungis1e] Auuusaig

UfjA3en NifCeO, tanlifuandlugiii 7.3
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100

Selectivities / Conversion (%)

Temperature (C)

‘a“ﬂ 7.2 A1 Selectivities ‘}J@\‘m'ﬁﬁﬁ\i‘”] (EtOH (X)), H, (@), CO (O), CO, (<>), CH, (0), C,H,

2

v 1
(A), and C,H, (A)) mimmnm‘zmumﬁ%lmfuﬁqL@mumﬁfmmﬁ@mmﬁiwdw 700 99 1000 °

C uu Ni/ALO,

100
90
80
70
60
50
40
30

P o eoalS
.
A&
RN

20 '000000.., ’.v o

Selectivities / Conversion (%)

00000
10 _0_0_0_0‘0_0_0_0_0,0 6000038 O

&.i.i.i“&
0 ARAADAAIRRRANAN N p A A AAAAADAAAAAAAAAAAAAAAA

700 750 800 850 900 950 1000

Temperature (C)

gﬂ‘l‘?‘i 7.3 #n Selectivities 1848138197 (E1OH (X), H, (@), CO (), CO, (), CH, (®), CH,

b

(A\), and C,H, (A)) AlFannszuaunisinesuilaaniueadaetinfiguumgfszudas 700 0 1000 ©

C uu Ni/CeO,
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dy o =R a . o ! aaa :// a o a ]
wanaNUEslAANwadaInn (Stability) 2e9siaLdaLTae 2 afia Tnanisatiunssie
Waatluean 600 Wi wudn faldeliizenaiin NilCeO, 1 HianasnIngandn Ni/ALO, Atuandlu

91N 7.4

100

Yield of hydrogen production (%)

40 T T T T T 1
0 100 200 300 400 500 600

Time (mins)

g1l 7.4 uanaadasninaesdn L:"\aﬂf]'ﬁ?m%mmmﬁm annmssifiunsivesiiiafl 900 °C daifiadis
600 1% (Ni/CeO, (HSA) with 1/3 of EtOH/H,0 (®), Ni/CeO, (HSA) with 1/2 of EtOH/H,O
(O),Ni/Ce0, (HSA) with 1/1 of EtOH/H,O (@), Ni/CeO, (LSA) with 1/3 of EtOH/H,0 (),
Ni/CeO, (LSA) with 1/2 of EtOH/H,O (M), Ni/CeO, (LSA) with 1/1 of EtOH/H,0 (/\)Ni/ALO,
with 1/3 of EtOH/H,0 (X), Ni/ALO, with 1/2 of EtOH/H,0 (L), and Ni/ALO, with 1/1 of

EtoH/H,0 (H)

antulgleae Temperature Programmed Oxidation (TPO) fevnBunounnaifnan ey
uuﬁuﬁqmmﬁfuéqﬂﬁ'ﬁ?mﬁmm uisannsldeninafudaiunan 600 wnd Fuansua Tugid
7.5 Wudﬁmilﬁmmfi‘ruauﬁﬁuﬁwmﬁméqﬂfﬁ?m Ni/CeO, thu SiLunnutfanndn mafimenfusuLy
ﬁuﬁqmmﬁqmﬂg‘jﬁ?m Ni/AlLO, feaenpdeafLuaniasziBinnmfuauTecAIe TGA-MS

FILAANEA IUANT199 7.1
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1100
o ... Temperature (°C) ———%»
— 2 .

_ —~ - 1 900

P

5 g Ni/CeO, (HSA) _
e ST —— Nilceo, (LsA) | | %0 €
] (]
o Ni/Al,O 5
= 203 1500 %
= )
o co 3
8 1300 E
” -
p

S co, 1100

0 20 40 60 80 100 120 140 160 180 200

Time (mins)

519 7.5 uanINAL9N19%11 Temperature Programmed Oxidation 2@9#aL39LfjAsen Ni/ALO, WL

u

o

iU Ni/Ce-ZrO, wasannenunis e iunan 600 Wi

Table 7.1
The dependence of inlet C;HsOH/H,O ratio on the amount of carbon formation
remaining on the catalyst surface

Total carbon formation (monolayers)

C,HsOH/H,0 ratio
Ni/CeO, (HSA)  Ni/CeO, (LSA) Ni/ALO;
1.0/3.0 1.08" (1.08)" 2.17 (2.15) 452 (4.54)
1.0/2.0 1.19 (1.17) 223 (2.21) 476 (4.78)
1.0/1.0 124 (1.26) 231 (2.34) 481 (4.79)

* Calculated using CO and CO, yields from temperature-programmed
oxidation (TPO) with 10% oxygen.

® Calculated from the balance of carbon in the system.
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unn 8

nsrUIuNsINasNRAL NN Uaanlen (Methanol Steam Reforming)

8.1 NFTUAUNITINASUNUNNIUAAAIU (Methanol Steam Reforming Process)

Ufmsemdanfinesdesiunsruaunisivesuiaumiueadetindsznaudaee (1) Ujieen
IafuRaunIueadaein  (Methanol Steam Reforming), (2) UNTEINNTURNAITR NN LA

(Methanol decomposition), uag (3) Ufjisen Water Gas Shift reaction

CH,OH + H,0 <> CO,+3H, (1)
CH,OH <>  CO +2H, 2)
CO +H,0 <> CO,+H2 (3)

v
a

aA v vy -dl ¥ o dal aaa
AINNG ) UATTDENS 75 mﬂﬂﬂmmuwN@&ﬂmm‘wwmlum‘zmuma‘ummnﬂgmm

D

o o

e ueadien  atnslafimunszuaunsiifianguu)iige  AviuassaslimudnAtyiu
Ufisensuansrequniuea aduanveudnlunisiiaaifueuuuiovesoweliise dauali
UseAninnaessiageljisenanas Waidail Aneinuaes Y.Choi [3]1  IHiauenalnnisunnsiy
atnsirerasuniues Inaaislsznauiiialuilfesialiil Dimethylether (CH,0),, Methoxy (CH,O),
Formaldehyde (CH,0), MethylFormate (CH,OCHO) vinaigauda wananansilsznauimaniay

o Y o 6 o aasa dl Y o A IS a d? 1% dll o s
wansiana e liuAR iR (2) wAREeH finalvnu(CH,) Winufae WeAffuauNauen s
wazdinuuansa Azt liiAnanfusuuuiiofasalfisendwansludjizenn @) Ujieen

Boudouard uag (5) ﬂﬁ‘ﬁ?mmﬂmnﬁwmﬁmu (Methane decomposition)

2CO <~ CO,+C (4)
CH, <~ 2H,+C (5)

pawdatfisannaenldlunszuaunisiiie CeO, (HSA; High Surface Area) Tnziazsinnis
Wratauiu CeO, (LSA) Ml douszuudldlunisdnsnszuaunisivasuiauniuaasoeting
] o A ¥ dl [ % %’ 1 ] &I
dnutlsenaundnAa Ul Evaporator MiamauAndnsnistlaumniuasuazinding scutiAzes
1 4 1 ¥ 1 1
Ufjnsnd (Catalytic Reactor) UfjiseniisiasnisAnsaziintuluesedis andunilaasestijnsnise

WinuLRTRIGas-Chromatography/Mass- Spectrometer (GC-MS) iNa3lAsesiadAlsznauaaing
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A e oa oAy < = o |ama 4y o a
AInnszUUIe fuivinldautlszneuresasissiumasannanliisevsald  wazudsaaniia
Ufiseuds Wsfaatinlaau antnzlun1smaaesiviauuy Steady State uaz Transient ludauzes
PFNAFUa U ATULWHI 8RN AT annsadns e ldlae 1 4iAses TGA-MS wasann
a o cal ¥ ¥ =2 a 3 =2 o 16 & o ! aaa
AasegUnsniFanfasuds  AWBNINNT Anwanisusnsnvessniueslag el Asen
(Homogenous reaction) Tnel flautinuazinnues (Frsdauaasinsamniuean aa 1:3) Mngseuy
wandpdmsnisaanafavesunIuasLazdnsnsia lalasiaunguugil 700 — 1000 °C WaANEN

NATBSEUN RN NABERTINITRALNATEY HAY Antiuasussqsaselfisenaslupzasljnsnluazin

= a 1% o o ' aaa v o o
N7 ANBUANYININNNAINNTRU (Thermal Stabl|lty)°ll‘ﬂﬂ[3]’3L?Qﬂ{]ﬂ?ﬂqiﬂﬂﬂqﬁ‘qﬂ‘ﬂ[ﬁ]?’m’ﬁ?ﬁ@’]ﬂmq

1
a

2RUNNUBANGUNYHN 900 “C luian 100 ol sieann HAGANH BN mAfUeuTReTuT
Ravesinsanl§ienlusias TGA-MS Tasnisfleu eenfiaudnlindffsenfunfueuuniafag
Ufjisen BanAannsian Temperature Program Oxidation (TPO)  13unsuAnsUauUUR9paL
UFfFenaunsnAadldanannauaaseviriasinl mass balance ) %wwqwﬁﬁu Az
Funaseszudne  Anfueuluesdlssnenesansfitlemdnrane (CH,OH) fumifuauluags
ﬂizﬂ@mmm@ﬁ'mﬂ@fmLﬂ?mﬂﬁmai (CO, CO,, uaz CH,) ﬁfmfmwmmLLuuﬁﬁuﬁQLémﬁﬁ?m
¥4 2 i Lﬁ@ﬁ@mﬂ?ﬂuLﬁﬂuﬂixﬁmﬁmwmmﬁqL'a"mﬁﬁ?m CeO, (HSA; High Surface Area) fiLifi

\9lf)i3en CeO, (LSA)

8.2 HAaN1TNAARAY Lﬁ'aﬁnmn'a‘zmun'\'a‘?wa%uﬁaLuwﬂuaa A28

annnasAneInIsuAndresuniueatas i ldia el jisanuduniueagaunnas

lalasiaulanguugiige uitFunlalasaunldiifiautes Auansluglf 8.1 Seanadlunann

q a

ana = . Ol o Zj/ XK v Y o 1 aaa dl QI o a ana
"]’mﬂ{]ﬂﬁ‘ﬁl”l&l Selectivity £ ﬂﬂuu@\‘iﬁl'ﬂ\ﬂ‘ﬁmqLﬁ‘ﬂﬂ{]ﬂﬁ‘ﬂ’]LW‘ﬂL‘Wll‘ﬂ[/‘]?’m’]?&l@m1€11ﬂ’3‘mu"ﬂ‘ﬂﬂﬂ{]ﬂﬁﬂ’1

a

a9 lafimusnsalisei ey luilaqriu (Ni/AL0,) HiloyunFesnisiinaAnsueuniadenalinanu

Ao lunadelisenanas Agldiaounene NN AU AT A NNT0AIUNIUNITTA

v
A a A

. dla ¥ { dl Y o ' aaa dl @ A A dl 4' dl o
mmfﬂu‘wNfﬂmmnmnsﬁﬂumm%ummhmmﬂgmm Ce02 Waliluanniaaanyiis @iilani

n1sANEIADEIN NABNIZLAUNNST (stability) wazlFNInMLeIAfLaUiANHITeRaLL ATy

[ %

J18mINIIaaTEATeNNIueALNALNLATTEY CeO, Aauinemsinaaanisldanu Asuandlugly

a

82  UATIETATITILENIUIBIAN T UNHITRIAILN LU NTE NN TN AN TR UN I RALN
Ufjfisen CeO, HAnAaudeAfmanuandlugli 8.3 netiiilunaniainanuainisalunisuaziu

AANTLAUIA CeO, (Oxygen Storage Capacity; OSC) TULDY
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Selectivity /Conversion (%)

u
141)

Hydrogen selectivity (%)

u

(HSA) with H,O/CH,OH of 3.0 (®),CeO, (HSA) with H,O/CH,OH of 1.0 (O),CeO, (HSA) with

H,0/CH,OH of 0.0 (4),Ce0, (LSA) with H,0/CH,OH of 3.0 (0),Ce0, (LSA) with H,0/CH,OH of

519 8.2 1ADELININAANTLLIUNTURIFILGa1

100

80 -

60 -

40 -

750 775 800 825 850 875 900 925 950

Temperature (C)

519 8.1 uaandisenisunnsaredmniuea Ineldldmaisalizen (1 kPa wniuea was 3 kPa

------------------- Hydrogen selectivity in the absence of catalyst

(Homogeneous reaction)

0 T T T T 1
0 20 40 60 80 100

Time (h)

1.0 (A), and CeO, (LSA) with H,0/CH,OH of 0.0 (AA)
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Selectivity / Conversion (%)

700 750 800 850 900 950 1000

Temperature (C)

77 8.4 HATRIGINNRNTGID NTARIELFITBUNNIUBALAT Selectivity 1 TiFemnIueaTHa iy

a

1
%

HapgiUuiaaL3EN CeO, (HSA)

Table 8.1 Deactivation percentages, steady state hydrogen selectivities, specific surface area,
and amount of carbon deposition on the surface of catalysts after exposure in methanol
decomposition conditions (various inlet HO/CH3;OH ratios) at 900°C for 100 h

Catalyst H,0/CH;0H Deactivation  Hydrogen selectivity ~ C formation®  BET surface
ratio (%) (%) at steady state  (monolayers) (m? g™
CeO, (LSA) 0.0 40.9 28.0 0.35 6.0
1.0 34.9 36.2 0.17 6.0
3.0 29.7 43.6 0.06 6.1
CeO, (HSA)* 0.0 7.4 66.5 ~0 22.0
1.0 7.6 80.0 ~0 22.2
3.0 6.5 90.4 ~0 22.1

* Calculated using CO and CO, yields from temperature-programmed oxidation (TPO) with 10% oxygen
® conventional CeO, prepared by precipitation method
¢ nanocomposite high surface area CeO,
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9.1 AnmAnanINIRY CeO, AANTZUIUNITINATNNI LPG Aaeiin

nanaasdsfiunislagnistlautnnfasniufinginemu wasliomu dndszuuiaussqsoi
Ufjisen ceo, 1§ Inaluntmasesazileu LPG uazlarinfudnsndouasiin 1.0 e 5.0 dngszuy
o = = . ~ o . A '
LasNINIANHIANYTNIN  (Stability) 289 CeO, (Li_l?aumﬂunu Ni/ALO,) mngﬂ‘w 9.1 WU
nszusunsIvlafuRefaeiuusudal]isen  CeO, AaziialusnIngandinszuaunIsAananaLy
Ni/ALO, NINIHEIAIN CeO, HAMNAUMIUEANIRAATIAUNNNEY Teaunsntiududaagiitls

R1NN13¥1 TPO (Temperature Programmed Oxidation) fauanslugif 9.2
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e 90
> 40 -
o
} 30
124
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Time (h)

519 9.1 wnasnIneeInIsuanlalnsauAINnIzLauNTINasNEed LPG Aostinuusiaalijisen

CeO, (@) uaz Ni/ALO, (A) NAnNAH 900 a4A a4

67



v e . - v~ d
saauauiaihatiusuysal lasanisesnuuuszuunan lalasiaudaldsngauaunsom il

. ‘ p
dszmalneduansiesilfadnaflszdninwieldlsylemilusad demasuuuean lofraquds (MRGA4780166)

| PR Temperature .. 1 1000
- ; —>
© / "
S
2 + 800 D
8 @
g 1600 2
: s
o +400 E
Q. (<}
* =
0
S + 200
=
T T T T 0
0 50 100 150 200 250
Time (min)

gﬂﬁ 9.2 N7¥UIUNIT Temperature programmed oxidation a1nNNIELIUNTINesuRae9 LPG #qel

W lneldsaisel)izen CeO, (o) uaz Ni/ALO, (X)

wasanszuLdinganinzanna (Steady state) uda nsatunslududauAansANING
vesguuundseiunnnans e uanls fuinimesedlnaniandaugnugfizesszuuann 700 i
900 BIANLTALTEIA m@miwmmﬁm@'wmeﬂugﬂ‘w 9.3 Fruang FanudnBaunndlalasnauiinaslad
ANANTURANE AN I dupeaiuiuiuinanfuen seweenlas lunnanduiudndouaesing

- el A& My A aday o o o =l = <

prfuenlneanlasiuanldasiAanasmuguuninld A miudndiuresiimuieanainszuuiiiag
HAgeInieinguug)iain 700 Thilu 850 e maiEas antudndiuresiinunliiazanas
uanamiudanuinfianisaufresediau (C,H,) Tudasguniaanaafon Inelsunnienaum

Kazdangaiigouvniion wasfiguugisnndt 775 esraa@agaswunielefusvasthatimudn

u a

—

1
%

Foa FRldngnann  anslalasAnfueumaniiag wiiludanalfiiatlywniswesusaesanfuauiag

o 1 |asa I o =< o ' a - Aa
ﬂ@QWQL?\‘]ﬂ{]ﬂ?ﬂq‘lﬁ\‘ﬁﬂﬂ\‘]LLN@gslfﬁ CeO2 FINAINNATNUNTURNBDNITINAATITUBUNN ')'63@ [5]']&]

68



v . - S ave o o
euaniauiatiuasysol Tassnseenuuuscuunan lalasiaudslddngaunaiunsan il

Y ‘ P
dszmalneduansiesilfadnaflszdninwieldlsylemilusad demasuuuean lofraquds (MRGA4780166)

100

Conversion / Selectivities (%)
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Temperature (C)

31]17'; 9.3 8m3IN134a18A° (Conversion) UBSIWINLLAZTNY R (e LAl T
(Selectivities) a1nnszuaUNTInlafuiees LPG ﬁfmﬁmuﬁqmﬂgjﬁ?m CeO, ﬁ@qmmﬁﬁmj
(conversion of C,H,, (®), conversion of C,H, (O), and the selectivities of H, (<>), CcO (0), CO,
(D, cH, (), cH, (A\), and C,H, (M)

o A = %’ tdl 17 ] ] o Q; a tg %
nIneaesiaNAenIsAnenatesinieudngsruuselTIna fUaUNNATL  wazdn
Aouvesnaninein iy Inennsnlasudnsndouaes LPG satinain 1.0/3.0 1w 1.0/4.0, 1.0/50.,
1.0/6.0, Ua¥ 1.0/70.0 AMAIAY Aauanslugt 9.4 wudiniaiinindngssuudaaandmnanisiinie
= = v & v | G o o < . X | =
au uaztBanamuldidntes  ednglsindalianslalnsanfuenmantiaanainszuuet lulFunum

1 1 a ij e dla <3 = < 9 ! ?:/ o nll
ARULINNIN BNTNUTUIUANTLAUNRNITAY CeO, AAAUNEAN RN TUAILAAS 11AN97199 9.1
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100

Product selectivities (%)

3.0 40 5.0 6.0 7.0
Inlet steam/LPG molar ratio

gﬂﬁ 9.4 NAIANLBUNTNINMNFaFARIUIANARAUTTNLAR LS  (Selectivities) ANNNTTLAUANT

a

Tafuiiered LPG daetiuuwsnideliisen CeO, Nigauunil 900 asAnitaiiag (selectivities of H,

a

(<), co (@), co, (), cH, (M), c,H, (), and CH, (A))

M15197 9.1

Ha1a9L5u TN AalFuulalnsaunaanle wazlFuiuAisuaunna

IUNRae9LNL T CeO, AMNnszLaung Steam reforming of LPG

Hydrogen selectivity Total carbon formation
H,O/LPG ratio (%) at steady state (monolayers)
3.0 43.1 0.82* (0.84)"
4.0 55.0 0.67 (0.65)
5.0 62.9 0.51 (0.48)
6.0 65.3 0.44 (0.44)
7.0 68.0 0.41 (0.39)

* Calculated using CO and CO, yields from temperature-programmed
oxidation (TPO) with 10% oxygen.

b Calculated from the balance of carbon in the system.

anMmeaedaNnsnalisan Ceo, HAnun wlunsIWasufmssuuRaaiufimasTN
4Bl %ﬂﬂ@iﬂm?lﬁmﬂﬁcﬁ?m (Chemical mechanism) 189 Steam reforming of LPG uusiaLaeilfjizen

CeO, aunsnadunalafaanszuaunsziand (Redox) AuuaasluaunIsfuans
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CH,+4S., <> 2(CH,sS.)+ 2(CH,S.)

CH, +3S,, <> 2(CH,<S.)+ CH,S,,

CH, +2S,, <> 2(CH,S.)

CH,+2S., <> 2(CH,S.)

CH,+ 25, <> CH,S,. + H-S_,

CH,S., +S.,, <  CH,S., + H-S,,

CH,S, +S., < CH-S, + H-S,

CH-S., +S,, < C-S, + H-S,

CS,, + O, <& CO +V,. +2e¢ + S,
2H-S, & H,+ 28,

HO + V... +2¢ < O, + H,

9.2 AnAnaN NI CeO, ABNTEUIUNIS Autothermal reforming of LPG
o a i’/ 1 dl o aia =X o o ] 2 a
nisaiiunTsTuseNNeantFuIAIFURUNNG  CeO, fanNNLFUUIdnduaesintLAn
Aneiranstlauiiuazeandaudngsrunsaniannufininsin wazdawmu  (NTTU9UNIg
Autothermal reforming) T9NTNARBIALFUAUANNNFANEMNFAFIUIBIRBNTIAUARHN LAY LPG
dl al 1 a 1 dl o U % 1’/ 1
Nmunzanidgnau Inenistlausendiaune LPG Ndndaumainuidudusiaus 0, 0.2, 0.4, 0.6, 0.8, LAz
1.0 dngszuuuazinnisnfsauiauiBunnlalasauinlsd dwaadlugl 9.5 wudidndouszidng
aanTiausia LPG 7msnzaniigane 0.6 aandadoudinannazaiunsananlalasauldte 77% uas
= 6 dla v . .
AINNITANELTNIUANTLAUNHIUDS CeO, AENTEUIUNNT Temperature programmed oxidation
(TPO) wuIiladndiuaadnisilenaandiausa LPG gandn 0.6 azliifian1sasusiaaasAFuaun

N2184 CeO,
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100

Product selectivities (%)
(@)]
o

0 A A
0.0 0.2 04 0.6 0.8 1.0

Inlet oxygen/LPG molar ratio

31]17'; 9.5 navedFunneandianueidnfedndouLesNEnR T NER A (Selectivities) aMNNITLIU
mslafufisnes LPG ﬁqa{imuﬁqmﬂﬁﬁ?m CeO, ﬁgmmﬁ 900 B9ATALTHE (selectivities of
H, (<), CO (#), CO,»(0), CH, (M),and C,H, (A))

P13al 9.2 LanSLINNUANTUaULURL Rl CeO, ﬁﬁmiﬁmnﬁqmﬂﬁﬁ?m
CeO, SleRunsZLIIUNT Autothermal reforming TnedlausengiaulutFuiosne fiu F991NAN31
Fanananuddletinistleusantiause LPG Tudadiuunnndt 0.6 azlinunswesufaresnnsiies

UUHIT8959L39L7)3EN CeO,

M1519N 9.2

Nav991 NN NNt AaRuNulalasRunaanle warFuNiANFUALALT AT

NareeiaLself)isen CeO, AMnNnszLaUNIg Autothermal reforming of LPG

Hydrogen selectivity Total carbon formation

Oxygen/LPG ratio (%) at steady state (monolayers)

0.0 62.9 0.51% (0.48)°

0.2 69.8 0.19 (0.21)

0.4 76.1 0.07 (0.006)

0.6 77.0 ~0.0 (~0.0)

0.8 72.8 ~0.0 (~0.0)

1.0 69.0 ~0.0 (~0.0)

# Calculated using CO and CO, yields from temperature-programmed
oxidation (TPO) with 10% oxygen.

® Calculated from the balance of carbon in the system.
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WAIMINUANAIUDDIONTIAUNINNNZANUAY N1IANTHUNIABNIABNITANHINATEIGOINT

o

siadnsnsaanaftredineny uazdomu snnedndauresingsing Minauduandlugyl 9.6 a9

a !

WLFINNYIUNY RGN 800 avAmaitaay il NAUAATUAINNIZLAUNIS Autothermal reforming

a

of LPG

< 90 §
@ 80
E'g 0
S 70 N
B O
2 607 ""
§ 50 | o0
S 40 X
By -=.!-',-4‘-‘ —
g?’o 7........IIIII
%20*
S 10
A!m"-_-__;

700 725 750 775 800 825 850 875 900

Temperature (C)

517 9.6 dmsnnsaanasia (Conversion) aadinsimuuariomy sutsdndouaesnanineiuanls
(Selectivities) A1NNTELIUNNT Autothermal reforming 184 LPG vusaLsLfisen CeO, TGINIIEY
F19°] (conversion of C4Hjo (@), conversion of C3Hg (0), and the selectivities of H, (<), CO

(®), CO» (L), CHs (M), C;Hg (A), and CoHs (A))
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un 10
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ﬂ']‘i"ﬂ’ﬂﬂLLHU?SHU?V\'Q?NLNQ?E‘U LL‘LI‘iJcl‘M&I

10.1 N1sRANLULSEULSWasHINDS

srutANafumefis 1T CeO, LﬂuﬁQLédﬂiﬁ?mLﬁmﬁu (Pre-reforming element) ¥gnaanuuilu
. < Ny o | Y = [ - Y v
anwoezaes Annular reactor sﬁ\‘iNV]‘ﬂsﬁ@uﬂu@ﬂu 2 1 WﬂﬂquﬁLuNmuqﬂL@umqﬂuﬂﬂ@qq 1/4949 AVUNBATU

v v
wanHauadunAguanans 172 e uazvienvaesiiaonuen 40 wumwns Tnafingsssngifazgn

! 1 <3 ) 1

flowdngrieawadnduluien  udrdsdaundudngvienunalungfuuenniandssuandlugiln

u a

10.1

o a ¥ o

AINNTBBNULLAINGN CeO, axgnussqliluviaduly Seingavainaiauenazidinduds

q

(% 1
an 23 a

wazyinUiseuuiasaLgNsaNAIna9nen (Pre-reforming) ANUUANENARA DN Az luaannaw

dngriaduneniussqiasaliisen NVALO, etieinl]fiseawefuie@nady uazaN1s0NAs

lalasiauaanuildasinailisz@nsnn

External ceratmic tube /

{Secondary reforming)
CeOs (writh 512

/—Nﬂﬁ.l203 (with SiC)

&D: —— > Synthesis gas

Internal ceratmic tube
(Primaty reforming)

EtOH + HED
gﬂﬁ 9.1 72UU Annular reactorﬁmqﬁ?”]ﬁu
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sTULAINaNArgnsiadniLszULIINUNUN Catalytic packed-bed reactor 1AnGslanvitin
d? a EOI £%3 . dl %
Puaziinannisszieatinlag ldssuy Evaporator @2 Hydrogen-rich gas m1mmﬂm$mumm:gﬂ

W lAmsmeilnersas Gas chromatography was Mass spectrometer sig

10.2 n1gARUNISINaANBINATRINIS LT NN LS lussULTWas LNas

dl =2 a = 'y '8 a o d”d o a o
WaANENATINIAAMNILTU NI LLTWafNAT  ulAedaIAHunsnNaUN TuAang
a s 49{ dl o = o = o o a = a
ﬂmmﬁ’mﬁ]ﬁ“ﬂ’ﬂ\iﬁ‘t‘]_lllLMMLU‘J“WLIHN’]LW'ﬂV]'Wﬂ'T:TL‘Lﬁ‘ﬂULWﬂUﬂU?ZUU?W@?NLN@?ﬂ?ﬂﬁ] PRI HGHET,

YRINUAI

10.2.1 nsWalvNlNAauaIssuLsNas iNasUsniA (Fixed bed model)

Feed

Retentate

: @ Packed-catalyst o

Material balance:
dM ;
e 10.1
dL 1% ( )
Energy balance:
T ( —
3 (m,c,, )‘c‘;—ch2 (Tss =T)+ e, x A, ) (10.2)
Heat transfer ~ Heat of reaction
through
stainless steel
Al
iﬂﬂ cl — pc c’0
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10.2.2 NISWRIUNINLARUDITZULSWASNLNDS N ML NNLLISUY

Purge I Permeate
I:> H Separation side | H,

Feed Retentate

D 5 Reaction side 6

H, | Separation side | H, I:—_{>

519 10.3: szutiTnasuNe T T NN

Material balance:

Reaction side:

—S
dM ;
Tzalri —a,0y (10.3)
Permeation side:
—7T
dM
—dL =a,0, (10.4)

Energy balance:

Reaction side:
dfs — s —7 =5
Z(MfCii )E =a, (TSS -T )+ a, (T -T )+ a; > xAH,, )+ a HS0,  (3.8)
Heat transfer Heat transfer Heat of reaction Heat transfer by
through through permeation gas
stainless steel membrane

Permeation side:

—T
3 (mrc,, )%:—a8 (TT —TS)+ a,H' O, (10.5)
Heat transfer Heat transfer by
through mass permeation
membrane
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> C . — —
a, s T s a, =Ug2ml, ; a,=U, 2ml,
T,0 7,0
p.Al, ly [y [y
ds TS ) a6—T—S s, adg _MT N a8=Um27z7fllo N a9:—T
0 0 T,0 0
s T s T
MS M[ MT _ Mi S _ T —T _ T T L
! s ’ ! T > T s 2 T s S8 =S
M M T T
T,0 7,0 0 0 0

ANzl 10.3 AnnsssanyAgaupefiaiunstiruasiusupelalasiauwindu lnsamnsauindnsnisunsldainaunis

v '
ATUAN

JAZ DN,
= 10.6
PP K oo

N

J = Hydrogen atom flux or permeation rate of hydrogen
Nj = bulk metal Pd atom concentration (0.113 mol Pd/cm?)

The diffusion coefficient (D) anunsaauwiniléiarnaunisiinuang

—Euy
D=D, exp| —— 10.7
o p[ RT J (10.7)
Edifr = the activation energy for hydrogen atom diffusion (5.3 kcal/mol H)

D, =2.9x10” cm’/s

Ediff: 5.3 kcal/mol H

(10.8)

K, :351.6exp[_1007J

1 1 1 v 1
U7 10.4 wansnaresiannlalnsauinanldainnszuounisinesuiisesilimusinaiiie

Ansineuiiusuin M ussuisnesuwes  IneglAnanouansianarada UL TRNNLLITURS

v
a o

Bunnulalasaufa I unonam IWaINNIZUIRNITAINGNT  TIAINNITANUIUNLINNTAAFUNNLLTY

o/ d}

azadoaliannsondnlalanauliluiuinigay  winnumnzeawsiusuduiladandAnyniien

]
o O

o o = 3| 1 dl a ¥ = ¥ =
anAyavaziiusnnvuainiunulalasaunnan ldasiundasiiesls
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20 pm membrane

I

% m mbrane

\ 40 um megmbrane

// B0 wm membrane
Without membrane

Relative hydrogen concentration

Dimensionless length

5% 10.4: naresANMUITemniLsusat BN lalasaunansanan i NnITLauNITTNa Y

TN INUALUNND NN 900 BIATLTALT A

qQ al
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Abstract

High surface area ceria (CeO, (HSA)), synthesized by a surfactant-assisted approach, was found to have useful dry reforming activity for
H, and CO production under solid oxide fuel cells (SOFCs) conditions. The catalyst provides significantly higher reforming reactivity and
excellent resistance toward carbon deposition compared to Ni/Al,O3 and conventional low surface area ceria (CeO, (LSA)) under dry
reforming conditions. These enhancements are due to the high redox property of CeO, (HSA). During the dry reforming process, the redox
reactions between the gaseous components in the system and the lattice oxygen (O,) take place on ceria surface. Among these reactions, the
rapid redox reactions of carbon compounds such as CH,, and CO with lattice oxygen (CH;+O,— CO+H,+0O, ; and
CO +0,=C0; + 0O,_;) can prevent the formation of carbon species from the methane decomposition and Boudard reactions even at
low inlet carbon dioxide concentration.

In particular, the dry reforming rate over CeO, (HSA) is proportional to the methane partial pressure and the operating temperature.
Carbon dioxide presents weak positive impact on the methane conversion, whereas both carbon monoxide and hydrogen inhibit the reforming
rate. The activation energies and reforming rates under the same methane concentration for CeO, toward the dry reforming are almost equal to
the steam reforming as previously reported [1-4]. This result suggests the similar reaction mechanisms for both the steam reforming and the
dry reforming over CeO,; i.e., the dry reforming rate is governed by the slow reaction of adsorbed methane, or surface hydrocarbon species,

with oxygen in CeO,, and a rapid gas—solid reaction between CO, and CeO, to replenish the oxygen.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Ceria; Dry reforming; High surface area; Hydrogen; SOFC

1. Introduction

Cerium oxide or ceria is an important material for a
variety of catalytic reactions involving oxidation of
hydrocarbons (e.g., automobile exhaust catalysts). This
material contains a high concentration of highly mobile
oxygen vacancies, which act as local sources or sinks for
oxygen involved in reactions taking place on its surface.

Nowadays, a potential application of ceria is in solid
oxide fuel cells (SOFCs) application as a reforming catalyst
for in-stack (called indirect internal) reforming of methane

* Corresponding author. Tel.: +66 2 8729014; fax: +66 2 8726736.
E-mail address: navadol_l@jgsee.kmutt.ac.th (N. Laosiripojana).

0926-3373/$ — see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.apcatb.2005.03.001

[1]. Conventional Ni catalysts have been reported to provide
too high endothermic reforming reactivity for in-stack
reforming in SOFCs [5]. The rapid endothermic reaction can
lead to local temperature gradients especially close to the
entrance of the reformer, which consequently cause the
possible mechanical failure due to thermally induced
stresses [6,7]. In addition, the carbon deposition was easily
formed on the surface of Ni catalyst under SOFC operating
conditions, resulting in the rapid catalyst deactivation [8].
Thus, a less active and high resistant toward carbon
formation catalyst is desirable to give better control of the
coupled heat flows and chemical reactions. Ceria is a
candidate catalyst for this application since it is much less
active and more resistant toward carbon deposition
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compared to Ni [3]. Recently, the successful tests of ceria for
the ‘dry methane’ and ‘methane steam reforming’ reactions
have been reported [1-3].

Due to the high resistance toward carbon formation, ceria
should also be a good candidate for use in the dry reforming
process. Both the steam and dry reforming reactions have
similar thermodynamic characteristics except that the
carbon formation in the dry reforming is more severe than
in the steam reforming due to the lower H/C ratio of this
reaction [9]. The attractive feature of the dry reforming
reaction is the utilization of CO,, which is a greenhouse
effect gas. In general, the dry reforming reaction (Eq. (1)) is
typically accompanied by the simultaneous occurrence of
the reverse water—gas shift reaction (RWGS) (Eq. (2)).

CHy4 + CO, = 2CO + 2H, AH = 247k] /mol (1)

CO; + Hy = CO + HyOAH = 41.1kJ /mol 2)

The hydrogen to carbon monoxide production ratio from the
dry reforming reaction is, therefore, less than 1. Sodesawa
et al. [10] studied the dry reforming reaction at a stoichio-
metric feed ratio over several catalysts. They found that the
activities of most catalysts deactivated rapidly due to the
carbon deposition. Previously, no researcher has investi-
gated the dry reforming over ceria before.

As described, ceria has a great potential to be used as the
reforming catalyst for the indirect internal reforming solid
oxide fuel cells (ITIR-SOFCs); however, the main weaknesses
of this material are its low specific surface area and high
deactivation due to the thermal sintering when operated
under SOFC stack conditions. It was reported that after
exposure in methane steam reforming conditions at 900 °C
for 18 h, the reforming reactivity over ceria deactivated 30%
and the steady-state methane conversion was less than 10%
[3]. The use of high surface area ceria (CeO, (HSA)) would
be a good alternative method to minimize the sintering
impact and consequently improve the stability and steady-
state activity. Several methods have recently been described
for the preparation of CeO, (HSA) solid solution. Most
interest is focused on the preparation via templating
pathways [11-13]. Several meso-structured surfactant—
oxide composites have been synthesized by this approach.
However, a few of these composites showed a regular pore
structure after calcination [14-16]. Terribile et al. [17]
synthesized CeO, (HSA) with improved textural, structural
and chemical properties for environmental applications by
using a surfactant-assisted approach. The materials with
good homogeneity and stability especially after thermal
treatments were achieved.

In the present work, CeO, (HSA) was synthesized by the
surfactant-assisted approach. The stability and activity
toward the dry reforming of CeO, (HSA) were studied
and compared to the conventional low surface area ceria
(CeO, (LSA)), and Ni/Al,O3. The resistance toward carbon
formation and the kinetics of the reactions on CeO, (HSA)
were also determined.

2. Experimental
2.1. Catalyst preparations and characterizations

CeO, (LSA) was prepared by the precipitation of cerium
chloride (CeCl;-7H,0) from Aldrich. The starting solution
was prepared by mixing 0.1 M of this metal salt solution
with 0.4 M of ammonia at a 2:1 volumetric ratio. This
solution was stirred by magnetic stirring (100 rpm) for 3 h,
then sealed and placed in a thermostatic bath maintained at
90 °C for 3 days. The precipitate was filtered and washed
with deionised water and acetone to remove the free
surfactant. It was dried overnight in an oven at 110 °C, and
then calcined in air at 1000 °C for 6 h.

Following to the work from Terribile et al. [17], CeO,
(HSA) were prepared by adding an aqueous solution of the
appropriate cationic surfactant, 0.1 M cetyltrimethylammo-
nium bromide solution from Aldrich, to a 0.1 M cerium
chloride. The molar ratio of ([Ce])/[cetyltrimethylammo-
nium bromide] was kept constant at 0.8. The mixture was
stirred and then aqueous ammonia was slowly added with
vigorous stirring until the pH was 11.5 [17]. The mixture
was continually stirred for 3 h, then sealed and placed in the
thermostatic bath maintained at 90 °C for 3 days. After that,
the mixture was cooled and the resulting precipitate was
filtered and washed repeatedly with water and acetone. The
filtered powder was then treated under the same procedures
as CeO, (LSA). For comparison, Ni/Al,O3 (5 wt.% Ni) was
also prepared by impregnating a-Al,O5 (from Aldrich) with
NiCl;. After stirring, the solution was dried and calcined at
1000 °C for 6 h. The catalyst powder was reduced with
10%H,/Ar at 700 °C for 6 h before use.

BET measurements of CeO, were carried out before and
after calcination at different temperatures in order to
determine the decrease in surface area by the thermal
sintering. As presented in Table 1, after drying in the oven,
surface areas of 105 and 55 m”* g~ ' were observed for CeO,
(HSA) and CeO, (LSA), respectively and, as expected, the
surface area decreased at high calcination temperatures.
However, the value for CeO, (HSA) is still appreciable after
calcination at 1000 °C and it is almost three times of that for
the general CeO, (LSA). The homogeneity and morphology
of CeO, (HSA) was also investigated. All samples have a

Table 1
Specific surface area of the catalysts after drying and calcinations at
different temperatures

Catalyst BET surface area (m” g~ ') after drying or calcination at
©C)
100 200 400 600 800 900 1000
CeO, (LSA)* 55 49 36 21 15 11 8.5

CeO, (HSA)" 105 97 69 48 35 29 24

? Conventional low surface area CeO, prepared by the precipitation
method.

® Nanocomposite high surface area CeO, prepared by the surfactant-
assisted approach.
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Fig. 1. Schematic diagram of the experimental set-up.

similar morphology and exhibit a very narrow particle-size
histogram. As expected, samples treated at 1000 °C showed
a larger particle size than those treated at lower tempera-
tures. The mean particle size for CeO, (HSA) after
calcination at 1000 °C was 30-100 nm.

2.2. Experimental set-up

In order to investigate the dry reforming reaction, an
experimental reactor system was constructed as shown in
Fig. 1. This system consists of three main sections: feed,
reaction, and analysis sections. The main obligation of the
feed section is to supply the components of interest
including CH,, CO,, H,, and CO to the reaction section,
where an 8 mm internal diameter and 40 cm length quartz
reactor was mounted vertically inside a furnace. The gas
mixture was flowed though this quartz reactor, in which the
catalyst was filled inside. A small amount of quartz wool
was used to prevent the catalyst from moving. The weight of
catalyst loading was 50 mg, while a typical range of total gas
flow was 20-200 cm® min~' depending on the desired space
velocity. A Type-K thermocouple was placed into the
annular space between the reactor and the furnace. This
thermocouple was mounted on the tubular reactor in close
contact with the catalyst bed to minimize the temperature
difference between the catalyst bed and the thermocouple.
Another Type-K thermocouple was inserted in the middle of
the quartz tube in order to re-check the possible temperature
gradient. The record showed that the maximum temperature
fluctuation during the reaction was always within £0.75 °C
or less from the temperature specified for the reaction.

After reaction, the gas mixture was transferred via trace-
heated lines to the analysis section, which consists of a
Porapak Q column Shimadzu 14B gas chromatograph (GC)
and a mass spectrometer (MS). The gas chromatography was

applied in order to investigate the steady-state condition
experiments, whereas the mass spectrometer was used for
the transient carbon formation experiments.

In the present work, the outlet of the GC column was
directly connected to a thermal conductivity detector (TCD).
In order to satisfactorily separate CH,4, CO, CO,, and H,, the
temperature setting inside the GC column was programmed
varying with time. In the first 3 min, the column temperature
was constant at 60 °C, it was then increased steadily by the
rate of 15 °C per min until 120 °C. Finally, the temperature
was decreased to 60 °C. The analytical method applied is an
internal standardization in which the peak area is related to
the molar concentration through the response factor (RF).

__concentration (ppm)

RF
peak area

3)
Table 2 presents the absolute response factor (RF) for all
components concerned in this research. In order to study the
formation of carbon species on catalyst surface, the transient
exhaust gas from the catalytic reactor was analyzed using the
mass spectrometer. Sampling of the exhaust gas was done by
a quartz capillary and differential pumping. The calibration
of CO and CO, were performed by injecting a known
amount of these calibration gases from a loop, in an injection
valve in the bypass line. The response factors were obtained
by dividing the number of moles for each component
over the respective areas under peaks. This process was

Table 2
Absolute response factors and retention time of each component

Gas Response factor (RF) Retention time (min)
H, 0.35 0.70
CcO 0.19 1.15
CH, 0.09 1.59
CO, 0.21 2.65
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performed before each experiment to achieve maximum
accuracy in the quantitative carbon analysis.

2.3. Temperature programmed techniques (TP)

Temperature programmed technique (TP) was applied for
studying the resistance toward carbon formation. The
temperature programmed oxidation (TPO) was carried out
by introducing 10% oxygen in helium with the total flow rate
of 100 cm® min~" into the system. The temperature was
increased from room temperature to 900 °C at the rate of
10 °C/min. The amount of carbon formations on the surface
of catalysts were determined by measuring the CO and CO,
yields from the TPO results and assuming a value of
0.026 nm” for the area occupied by a carbon atom in a
surface monolayer of the basal plane in graphite [18]. In
addition to the TPO method, the amount of carbon
deposition was confirmed by calculating carbon balance
of the system. The amount of carbon deposited on the
surface of catalyst would theoretically be equal to the
difference between the inlet carbon containing components
(CH,4 and CO,) and the outlet carbon containing components
(CO, CHy4, and CO,). The amount of carbon deposited per
gram of catalyst is given by the following equation:

mOIGcarbon(in) - mdecarbon(out)

“4)

Cdeposition =
Mecatalyst

3. Results
3.1. Preliminary test

Preliminary experiments were carried out to find a
suitable condition in which internal and external mass
transfer effects are not predominant. Considering the effect
of external mass transfer, the total gas flow rate was varied
between 10 and 200 cm® min ™' under a constant residence
time of 5 x 10™* gmincm >. As shown in Fig. 2, the

50+
45+
40+
35-
30+ L e A

Methane conversion (%)
n
2

0 50 100 150 200 250
Total flow rate (cm3 min-1)

Fig. 2. Effect of the total gas flow rate on the methane conversion from the
dry reforming (CH,/CO, = 1.0/3.0) at 900 °C with the constant resident
time of 5 x 107* g min cm™>,
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Fig. 3. Dry reforming of methane at 900 °C for different catalysts using
different inlet CH,/CO, ratios.

reforming rate was found to be independent of the gas
velocity when the gas flow rate was higher than
60 cm® min~', indicating the absence of external mass
transfer effects at this high velocity.

The reaction on different average sizes of catalysts (up to
500 wm) were carried out in order to confirm that the
experiments were performed within the region of intrinsic
kinetics. It was observed that the catalysts with the particle
size less than 200 wm showed no intraparticle diffusion
limitation in the range of conditions studied. Therefore, in
the following studies, the total flow rate was kept constant at
100 cm® min~' whereas the catalyst diameters were kept
within the above-mentioned range in all experiments.

3.2. Stability and activity toward the dry reforming

Synthesized CeO, (HSA), CeO, (LSA), and 5% Ni/
Al,0O3 were studied in the dry reforming at 900 °C. The feed
was CH4/CO, in helium with different CH4/CO, molar
ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0. The main products
from this reaction were H, and CO with some H,O. The
observed H,/CO production ratios were less than 1.0 in all
conditions indicating a contribution from the reverse water—
gas shift reaction at this operating temperature. The
reforming rate was measured as a function of time in order
to indicate the stability and the deactivation rate. The
variations in the methane conversion with time at 900 °C for
the different inlet CH4/CO, ratios are shown in Fig. 3.

Significant deactivations were detected for Ni/Al,O3
catalyst in all conditions especially at high inlet CH,/CO,
ratio, whereas much lower deactivations were detected for
both CeO, (HSA), and CeO, (LSA). At steady-state, the dry
reforming over CeO, (HSA) with inlet CH4/CO, of 1.0/3.0
showed the best performance in terms of stability, and
activity. Catalyst stabilities expressed as deactivation
percentages are given in Table 3. It should be noted that,
in order to determine whether the observed deactivation is
due to the carbon formation, the post-reaction temperature-
programmed oxidation (TPO) experiments were carried out.
From the TPO results shown in Fig. 4, the huge peaks of
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Table 3

Deactivation percentages, specific surface area, and the amount of carbon deposition on the surface of catalysts after exposure in dry reforming conditions

(various inlet CH4/CO, ratios) at 900 °C for 10 h

BET surface (m? g’l)

Surface area reduction (%) C formation® (monolayers)

Catalyst CH,/CO; ratio Deactivation (%)

CeO, (HSA)® 1.0/3.0 4.5 23
1.0/1.0 6.9 22
1.0/0.3 7.7 22

CeO, (LSA)° 1.0/3.0 28 6.2
1.0/1.0 30 6.2
1.0/0.3 41 6.0

NI/ALO;¢ 1.0/3.0 90 ~40
1.0/1.0 96 ~40
1.0/0.3 97 ~40

4.2 ~0
8.3 ~0
8.3 ~0
27 0.08
27 0.11
30 0.15
~0 3.9
~0 5.2
~0 5.8

a

High surface area CeO, prepared by surfactant-assisted approach.
¢ Conventional low surface area CeO, prepared by precipitation method.

Calculated using CO and CO, yields from temperature-programmed oxidation (TPO) with 10% oxygen.

4 Ni/Al, O3 prepared by impregnation method with the specific surface area of 40 m? g~ ! after calcinations.

T T T T T 1000
L Ni/Al S =
5 i/A1,04 CH,/C0,=103| . 5
2 —— CH,CO,=1/1 | S
3 CeO,(LSA - =
g a 5(LSA) CH,/CO,=1/3 | 600 %’
§ = | CeO4HSA CO, 1 ®
@5 . 400 &
§ ® Ni/AL,O; 1 5
= Ce0(LsA)_§ b Co0aHSA) 1%
04 ) s vd co ]
SR e e
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Fig. 4. Temperature programmed oxidation (TPO) over several catalysts
after exposure in dry reforming conditions.

carbon dioxide and carbon monoxide were observed for Ni/
Al,O3 at 600 °C, while small peaks of carbon dioxide and
carbon monoxide were detected for CeO, (LSA). No peak of
either carbon dioxide or carbon monoxide was detected for
CeO, (HSA) in all conditions. The amount of carbon
formations on the surface of Ni/Al,O3 with different inlet
CH,/CO, ratios were determined by measuring the CO and
CO, yields from the TPO results (using Microcal Origin
Software). Using a value of 0.026 nm? for the area occupied
by a carbon atom in a surface monolayer of the basal plane in
graphite [18], the quantities of carbon deposited over Ni/
Al,O5 were observed to be approximately 5.8, 5.2, and 3.9
monolayers, while those over CeO, (LSA) were 0.15, 0.11,
and 0.08 monolayers for the inlet CH4/CO, ratios of 1.0/0.3,
1.0/1.0, and 1.0/3.0, respectively. The total amounts of
carbon deposited were ensured by calculating the carbon
balance of the system. Regarding the calculations, for the
inlet CH4/CO, ratios of 1.0/0.3, 1.0/1.0, and 1.0/3.0, the
moles of carbon deposited per gram of CeO, (LSA) were
0.19, 0.12, and 0.09 mmol g~ '. By the same assumption for
the area occupied by a carbon atom [18], these values are
equal to 0.16, 0.10, and 0.07 monolayers, respectively,
which is in good agreement with the values observed from
the TPO method described above. The results clearly

indicated that the deactivations observed for Ni/Al,O; were
mainly due to the carbon deposition on the surface of
catalyst, and CeO, presented significantly stronger resis-
tance toward carbon formation compared to Ni/Al,Oj3.

The BET measurements were carried out to observe the
surface area reduction percentages of all catalysts. As shown
in Table 3, it was suggested that the deactivations of ceria are
mainly due to the thermal sintering. In addition, the surface
area reduction percentage of CeO, (HSA) is much lower
than CeO, (LSA), indicating its better stability toward the
thermal sintering.

3.3. Kinetics of the dry reforming on CeO, (HSA)

The kinetics of the dry reforming over CeO, (HSA) was
studied by varying inlet CH,4, and CO, partial pressures at
different operating temperatures. The effects of CO and H,
in feed on the reforming rate over this catalyst were also
investigated, as both components are the main products from
the dry reforming.

The inlet methane partial pressure was varied from 0.01
to 0.04 atm, while the operating temperature range was 900—
1000 °C. The activity of CeO, (HSA) increased with
increasing methane partial pressure as well as the operating
temperature as shown in Fig. 5. In the present work, the dry
reforming rate was represented in term of the turnover
frequencies (N), calculated from the below equation [1].

rN AANZ

N = ®)

meS

It is assumed that all surface sites accessible by nitrogen
adsorption (area per molecule 16.2 X 107 m? [1,18])
were active. Here, r is the moles of CH, changing per
unit time (molcy, min—!), N, the Avagadro’s number,
An, the area occupied by an adsorbed nitrogen molecule
(162 x 107 m?), m. the weight of catalyst used
(0.05 g), and S the specific surface area of the catalyst
m’gh.
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Fig. 5. Effect of methane partial pressure on the turnover frequencies (V)
for CeO, (HSA) at different temperatures (inlet CO, = 0.05 atm).

The reaction order in methane (n) for this catalyst was
observed to be between 0.50 and 0.55, and seemed to be
essentially independent of the operating temperature and
carbon dioxide partial pressure for the range of conditions
studied. These values n were obtained experimentally by
plotting In(N) versus In Pcy,. The reaction orders in other
components (CO,, H,, and CO) were achieved using the
same approach by varying the inlet partial pressure of the
component of interest while keeping other inlet component
partial pressures constant.

The H,/CO ratio in the products increased with
increasing inlet CH4/CO, ratio, whereas it strongly
decreased with increasing temperature, as presented in
Table 4.

Several inlet carbon dioxide partial pressures, from 0.01 to
0.09 atm, were then introduced to the feed with constant
methane partial pressure in order to investigate the influence
of CO, on the dry reforming rate. Carbon dioxide presented
slight positive effect on the dry reforming rate at high inlet

Table 4
Effect of inlet compositions on H,/CO ratio from the dry reforming over
CeO, (HSA) at different temperatures

Temperature (°C) Inlet compositions H,/CO production

(atm) ratio from the dry
reforming over CeO,
(HSA)
900 0.03 CH4/0.03 CO, 0.93
925 0.03 CH4/0.03 CO, 0.90
950 0.03 CH4/0.03 CO, 0.88
975 0.03 CH4/0.03 CO, 0.85
1000 0.03 CH4/0.03 CO, 0.81
900 0.01 CH4/0.03 CO, 0.90
0.02 CH4/0.03 CO, 0.91
0.03 CH4/0.03 CO, 0.93
0.04 CH4/0.03 CO, 0.95
0.05 CH4/0.03 CO, 0.96
900 0.03 CH4/0.01 CO, 0.94
0.03 CH4/0.02 CO, 0.93
0.03 CH4/0.03 CO, 0.93
0.03 CH4/0.04 CO, 0.91
0.03 CH4/0.05 CO, 0.89
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Fig. 6. Effect of carbon dioxide partial pressure on the turnover frequencies
(N) for CeO, (HSA) at different temperatures (inlet CH, of 0.04 atm).

CH4/CO, ratios as shown in Fig. 6. The experiments yielded
non-linear positive carbon dioxide trend. When the inlet
carbon dioxide partial pressure was greater than 0.03 atm, the
carbon dioxide influence on the dry reforming rate became
less pronounced. At high inlet CH4/CO, ratios, the reaction
order in carbon dioxide for this catalyst was observed to be a
small positive value between 0.08 and 0.12, and seemed to be
independent of the inlet methane partial pressure and the
operating temperature for the range of conditions studied. The
proportion of Hy/CO in the products reduced from 0.94 to 0.89
as the CH4/CO, ratio was decreased from 3.0/1.0 to 3.0/5.0
(Table 4). This is as expected from an increasing contribution
from the RWGS reaction.

The dry reforming in the presences of carbon monoxide
and hydrogen were then investigated by adding either carbon
monoxide or hydrogen to the feed gas at several operating
temperatures. The results show that the reforming rates are
also dependent on both carbon monoxide and hydrogen
concentrations. Unlike CH; and CO,, both components
inhibited the dry reforming rate over CeO, as shown in
Figs. 7 and 8. The reaction order in carbon monoxide was in
the range of —0.15 to —0.10, while the reaction order in
hydrogen was between —0.34 to —0.28 in the range of

204
157
o}

101---.._‘7__

5y

N (molecules site"! min-1)

0 001 002 003 004 005 006
Carbon monoxide Partial Pressure (atm)

Fig. 7. Effect of carbon monoxide partial pressure on the turnover fre-
quencies (N) for CeO, (HSA) at different temperatures (inlet CH, of
0.04 atm).
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Fig. 8. Effect of hydrogen partial pressure the turnover frequencies (V) for
CeO, (HSA) at different temperatures (inlet CH, of 0.04 atm).

conditions studied. These negative impacts are due to the
inhibition of redox property on ceria surface, which will be
discussed in the next section. Table 5 presents the summary
of observed reaction orders in each component (CH4, CO,,
CO, and H,) for CeO, (HSA) at different inlet conditions.

According to the influences of CH4, CO,, CO, and H; as
described above, the experimental data can be fitted well to a
simple rate Eq. (6), which captures the essential features and
could also easily be used in the simulation of indirect
internal reforming over CeO, (HSA) in SOFCs.

e = k(T)(PCH4)n k(T) :Aexp <__E>
Y14k ,fcc(fz + K> (Pu,)" RT
_AH:
and K;(T) = B; exp( RT 1) (6)

where P; is the partial pressure of chemical component i, and
K, and K, are adsorption parameters, obtained from Van’t

Table 5

Hoff equation. The positive effect of methane on the dry
reforming rate was a consequence of the presence of the
k(T)(Pcn,)" term, whereas both positive and negative
effects of carbon dioxide and carbon monoxide were a
consequence of the K (T)Pco/Pco, term in the denomi-
nator. According to the fitting, when n and m were taken as
0.5, a good fit to the data was observed in the range
of conditions studied. The value of k(7) increased
from 23.98 molecules site”' min~' atm ™% at 900 °C to
83.76 molecules site ! min~' atm™%> at 1000 °C, while
K (T) and K»(T), also temperature dependent parameters,
were in the range of 0.35-0.50 and 8.5-15.2 atm %, respec-
tively. The parameters of the rate expression can be sum-
marized in Table 6. It should be noted that the activation
energy for this reaction, which were achieved by the Arrhe-
nius plots as shown in Fig. 9, was approximately 154 kJ/mol.

1

4. Discussion

It has been widely reported that the gas—solid reaction
between ceria and CH, can generate CO and H, at high
temperature [19,20]. In addition, the reduced state, CeO,_,,
can react with CO, to produce CO [21]. Therefore, the dry
reforming of methane over CeO, can be presented as follows:

CeO;, + nCHy — CeO;_,, + nCO + 2nH, 7
CeO,_,, + nCO, = CeO, + nCO )
CeO; + nHy = CeO,_,, + nH,O ©))

The positive effect of CH4 and CO, on the dry reforming
reactivity is due to the forward of Eqgs. (7) and (8), respec-
tively, while the reverse of Eq. (8) results in the negative
effect of CO. Hydrogen presented negative effect on the dry

Reaction orders for the components of interest (CH4, CO,, CO, and H,) from the dry reforming over CeO, (HSA) at different operating conditions

Components of interest Temperature (°C)

Other inlet compositions (atm)

Reaction order for components of interest

CH4 CO, H, CcO
CH4 (0.01-0.04 atm) 900-1000 0.05 0 0 0.52 £0.02
900 0.10 0 0 0.50
900 0.15 0 0 0.51
900-950 0.05 0.02 0 0.54 £0.01
900-950 0.05 0 0.02 0.53 £0.02
CO, (0.01-0.09 atm) 900-1000 0.04 0 0 0.10 £0.02
900 0.02 0 0 0.10
900 0.07 0 0 0.08
900-925 0.04 0.02 0 0.10 £0.02
900-950 0.04 0 0.02 0.11 £0.01
H, (0.02-0.06 atm) 900-1000 0.04 0.05 0 —0.31 +£0.03
900 0.04 0.10 0 —0.28
900 0.02 0.05 0 —0.34
900 0.04 0.05 0.02 —0.30
CO (0.02-0.06 atm) 900-1000 0.04 0.05 0 —0.11 £ 0.01
900 0.04 0.10 0 —0.12
900 0.02 0.05 0 —0.15
900 0.04 0.05 0.02 —0.10
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Table 6
Summary of Pre-exponential factors for Arrhenius and Van’t Hoff equations for dry reforming over CeO, (HSA)
A (molecules site™' min~! atm %) E (kJ mol™) B, AH; (kJ mol™") B, (atm™ %) AH, (kJ mol™")
1.9 x 108 154 53x107? —44.28 9.29 x 1072 —~72.15
57 reforming of methane over this material. The dry
3 .- o reforming mechanism for CeO, involves the reaction
% 4 o S between methane, or an intermediate surface hydrocarbon
T Bt species, with the lattice oxygen (O,) at CeO, surface, as
£ E 31 * illustrated schematically below.
X
=]
£% 5] CHy 4+ 2Sce = CH3—Sce + H—Sce (10)
o
§ CH;3;—Sce + Sce = CHy;—Sce + H—Sce (11D
- 14
E CH,—Sce + Sce = CH—Sce + H—Sce (12)
0 T T T T 1 CH_SCC + SCC = C_SCC + H_SCC (13)
0.094 0.096 0.098 0.1 0.102 0.104
1/(RT) (mmol/J) C—Sce + 0y =CO+ Oy 1 + Sce (14)
Fig. 9. The Arrhenius-type plot for dry reforming reaction over CeO, CO2 + Oy = O, +CO (15)
(HSA). Hy + 0y = O, 1 + H,0 (16)
2H—Sce = Hy 4+ 2Sce a7

reforming, as this component reduced Ce** to Ce®* via
Eq. (9) and, consequently, results in the inhibition of
methane conversion via Eq. (7). It should be noted that
the inhibitory effect of hydrogen is the main disadvantage of
using CeO, industrially, therefore, the removal of hydrogen
during the reforming process might be required.

In the present work, the observed activation energy for
the dry reforming over CeO, (HSA) is 154 kJ mol ™. This
value is in the same range as the activation energies
previously observed for the methane steam reforming over
CeO, (HSA) [4], CeO, (LSA) [3], and Gd-CeO, (LSA)
[1]. Aguiar et al. [22] reported the methane steam
reforming rate equation over conventional CeO, (LSA)
in the form of —rcy, = k(T)POC'Eh/(l + KHP%zs). The
activation energy obtained by the Arrhenius plots of
k(T) was 133 kJ mol L. Laosiripojana and Chadwick [4]
studied the methane steam reforming over CeO, (HSA)
and presented the well-fitting of their experimental data to
this form of rate equation. Their corresponding activation
energy was 150 kJ mol~'. Ramirez-Cabrera et al. [1]
studied the methane steam reforming reaction over Gd—
CeO, and compared the results with the dry methane
reaction over the same catalyst. They reported that the
observed activation energies from both reactions are in the
same range of 153-165 kJ mol . In addition, in the excess
of inlet CO,, the observed methane conversion for the dry
reforming of 5% methane at 900 °C in the present work is
approximately equal to that for the steam reforming of 5%
methane [4]. These observations indicate that the rate-
controlling step for the steam and dry reforming reactions
for CeO, is similar. Hence, the methane steam reforming
reaction mechanism for CeO, as proposed by Ramirez-
Cabrera et al. [1] should also be applied to explain the dry

There are two possibilities for this scheme depending on
what is assumed for the catalyst surface site, Sce. It can be a
unique site, or can also be considered to be the same site as
the catalyst oxidised site (O,) [3]. During the dry reforming,
methane is adsorbed on either a unique site, Sc., or the
catalyst oxidized site, O,, whereas CO, is always reacted
with the catalyst reduced site, O,_;. The steady-state
reforming rate is mainly due to the continuous supply of
the oxygen source by CO,. It should be noted that the
measured value of the oxygen diffusion coefficient for ceria
is high and the reaction rate is controlled by a surface
reaction and not by diffusion of oxygen from the bulk of
the solid particles to ceria surfaces [23]. The stronger linear
dependence of the reforming rate on methane partial pres-
sure, and the weaker positive of CO, provide the evidence
that the controlling step is the reaction of methane with the
CeO, surface, and that oxygen is replenished by a signifi-
cantly rapid surface reaction of the reduced state CeO, with
CO,.

The high resistance toward carbon deposition for ceria,
which has been widely reported by several researchers
[1-5,24], is mainly due to the high oxygen storage capacity
(OSC) of this material. As described, carbon formation is one
major problem for the dry reforming of methane. We also
observed high amount of carbon formation on the surface of
Ni/Al,O5 after exposure in a dry reforming condition.
Regarding the possible carbon formation during the reforming
processes, the following reactions are theoretically the most

probable reactions that could lead to carbon formation:
2CO0=C0O0, +C (18)

CH; =2H, + C (19)
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CO+H, =H,0+C (20)
CO, +2H, = 2H,0 + C 1)

At low temperature, reactions (20) and (21) are favorable,
while reaction (18) is thermodynamically unflavored [25].
The Boudard reaction (Eq. (18)) and the decomposition of
methane (Eq. (19)) are the major pathways for carbon
formation at such a high temperature as they show the
largest change in Gibbs energy [26]. According to the range
of temperature in this study, carbon formation would be
formed via the decomposition of methane and Boudard
reactions especially at high inlet CH,/CO, ratio (1.0/0.3
and 1.0/1.0). By applying CeO,, both reactions (Eqs. (20)
and (21)) could be inhibited by the redox reactions between
methane and carbon monoxide (produced during the dry
reforming process) with the lattice oxygen (O,) at CeO,
surface (Egs. (22) and (23)) forming hydrogen and carbon
dioxide, which is thermodynamically unflavored to form
carbon species in this range of conditions. Therefore, sig-
nificant lower amount of carbon deposition were observed
for ceria even at low inlet carbon dioxide concentration.

CH; +0,—CO+H; +0,_ 22)
CO+0,=C0O, +0,_; 23)

Although CeO, (LSA) also provides high resistance toward
carbon formation, the major weaknesses of CeO, (LSA) are
its nature low specific surface area and also high size reduction
due to the thermal sintering impact, resulting in its low redox
property and consequently low reforming reactivity. In the
present work, the specific surface area of CeO, (HSA) after
calcination at 1000 °C was almost three times higher than the
conventional one. Moreover, the size reduction percentage for
CeO, (HSA) was significantly lower. These enhancements
were also reported by Terrible et al. [17], who prepared Ce—
ZrO, by the same procedure. They reported that the achieve-
ment of high surface area material by the surfactant-assisted
procedure is mainly due to the interaction of hydrous oxide
with cationic surfactants under basic conditions during the
preparation [17]. At high pH value, conducting the precipita-
tion of hydrous oxide in the presence of cationic surfactant
allows the cation exchange process between H' and the
surfactant, resulting in a developed pore structure with an
increase in surface area [17]. Regarding the thermal stability
at high temperature, Terrible et al. [17] explained that the
incorporation of surfactants during preparation could reduce
the interfacial energy and eventually decrease the surface
tension of water contained in the pores. This could reduce the
shrinkage and collapse of the catalyst during heating up,
which consequently help the catalyst maintaining high sur-
face area after calcination [17].

Our previous work on Ni/CeO, (HSA) and Ni/Ce-ZrO,
(HSA) [24] for the steam reforming of methane also
indicated the same improvement as described above. We
previously studied the resistance of metal catalyst on ceria-

based supports toward the carbon formation. Under methane
steam reforming conditions with the H,O/CH, ratio of 3.0,
Ni/CeO, (HSA) exhibited high steady-state steam reforming
activity and no carbon species was detected on the surface
[24]. However, at steam to methane ratios less than 1,
significant carbon deposition was formed. Thus, the use of
Ni always increases the risk of carbon deposition even when
CeO, (HSA) was applied as the support.

5. Conclusions

CeO, is a good candidate catalyst for the dry reforming of
methane due to its extreme resistance toward the deactiva-
tion from carbon formation. The use of high surface area
CeO, (CeO, (HSA)) significantly reduces the degree of
deactivation by thermal sintering compared to general low
surface area CeQO,.

The dry reforming rate over CeO, (HSA) is proportional
to the methane partial pressure and the operating tempera-
ture. Carbon dioxide presents slight positive impact on the
methane conversion, whereas carbon monoxide inhibits the
reforming rate. Addition of hydrogen was found to have a
significant inhibitory effect on the conversion of methane.
This inhibitory effect is the main disadvantage of using
CeO, as the dry reforming catalyst, and the removal of
hydrogen during the reforming process might be required.

The activation energies and reforming rates at the same
methane concentration for the dry reforming are equal to
those for the steam reforming. These results suggest the
similar reaction mechanisms for both the steam reforming
and the dry reforming over CeO, in which the reforming rate
is governed by the slow reaction of adsorbed methane, or
surface hydrocarbon species, with oxygen in CeO,, and a
rapid gas—solid reaction between CO, and CeO, to replenish
the oxygen.
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Abstract

Ni/Ce-ZrO, showed good methane steam reforming performance in term of stability toward the deactivation by carbon deposition. It was
first observed that the catalyst with Ce/Zr ratio of 3/1 showed the best activity among Ni/Ce—ZrO, samples with the Ce/Zr ratios of 1/0, 1/1, 1/
3, and 3/1. Temperature-programmed oxidation (TPO) experiments indicated the excellent resistance toward carbon formation for this
catalyst, compared to conventional Ni/Al,Oj3; the requirement of inlet H,O/CH,4 to operate without the formation of carbon species is much
lower. These benefits are related to the high oxygen storage capacity (OSC) of Ce—ZrO,. During the steam reforming process, in addition to
the reactions on Ni surface (*), the redox reactions between the gaseous components present in the system and the lattice oxygen (O,) on Ce—
ZrO, surface also take place. Among these reactions, the redox reactions between the high carbon formation potential compounds (CHy4, CH,-
*n and CO) and the lattice oxygen (O,) can prevent the formation of carbon species from the methane decomposition and Boudard reactions,
even at low inlet H,O/CH, ratio (1.0/1.0).

Regarding the intrinsic kinetic studies in the present work, the reaction order in methane over Ni/Ce—ZrO, was observed to be
approximately 1.0 in all conditions. The dependence of steam on the rate was non-monotonic, whereas addition of oxygen as an autothermal
reforming promoted the rate but reduced CO and H, production selectivities. The addition of a small amount of hydrogen increased the
conversion of methane, however, this positive effect became less pronounced and the methane conversion was eventually inhibited when high
hydrogen concentration was added. Ni/Ce—ZrO, showed significantly stronger negative impact of hydrogen than Ni/Al,05. The redox
mechanism on ceria proposed by Otsuka et al. [K. Otsuka, T. Ushiyama, I. Yamanaka, Chem. Lett. (1993) 1517; K. Otsuka, M. Hatano, A.
Morikawa, J. Catal. 79 (1983) 493; K. Otsuka, M. Hatano, A. Morikawa, Inorg. Chim. Acta 109 (1985) 193] can explain this high inhibition.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The methane steam reforming is a widely practiced CO + H,0 < CO; +Hy @)
technol.olgy for production of hydroge.n or sy.nthesis gas for CH, + 2H,0 < CO, + 4H, 3)
later utilization in fuel cells. Three main reactions are always
carried out as presented in the following equations: Both water—gas shift reaction (Eq. (2)) and reverse

methanation (Eq. (3)) are associated with the steam

CH4 +H;0 & CO + 3H, (D reforming over a catalyst at elevated temperatures. The
reverse methanation (Eq. (3)) is thermodynamically linearly

* Corresponding author. Tel.: +662 8729014; fax: +662 8726736. dependent on methane steam reforming and water—gas shift
E-mail address: navadol_1@jgsee.kmutt.ac.th (N. Laosiripojana). reaction, but it is kinetically independent [4-8]. Due to the

0926-860X/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2005.05.026
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overall high endothermic nature of the reactions, they are
carried out at high temperature (700-900 °C). In recent
years, many researchers have also investigated the addition
of oxygen together with methane and steam in a single
process, calling an autothermal reforming. This reaction is
an economical process, in which the steam reforming of
methane (1) is combined with the partial oxidation of
methane, as presented in the following equation:

CHy4 + (]/2) 0, & CO + 2H, “)

By this combination, exothermic heat from the partial
oxidation can directly supply the energy required for the
endothermic steam reforming reaction. Therefore, it is
considered to be thermally self-sustaining and consequently
more attractive than the steam reforming. However, the main
disadvantage of this reaction is the lower production of
synthesis gas (H, and CO) from this reaction compared to
the steam reforming. Currently, the commercial process for
the production of hydrogen and synthesis gas is still based on
the steam reforming reaction using nickel catalyst on
supports such as Al,03;, MgO, MgAl,0, or their mixtures.
Worldwide efforts are in progress to develop a novel catalyst
with higher activity and stability for the reforming reactions.
Various precious metals such as Pt, Rh and Ru have been
reported to be active for the reforming reactions and resistant
to the carbon formation [9,10]. However, the current prices
of these metals are very high for commercial uses, and the
availability of some precious metals such as ruthenium was
too low to have a major impact on the total reforming
catalyst market [11].

Selection of a support material is another important issue
as there was some evidence that metal catalysts are not very
active for the steam reforming when supported on inert
oxides [12]. Various supports have been investigated, for
example, a-Al,O3 [13], vy-Al,O3 and v-Al,O5; with alkali
metal oxide and rare earth metal oxide [14], CaAl,O,4 [15]
and Ce-ZrO, [16]. A promising catalyst system for the
reforming reactions appeared to be a metal on Ce-ZrO,
support, where the metal can be Ni, Pt or Pd [17-25]. Ni/Ce—
ZrO, has been successfully applied to the partial oxidation
and the autothermal reforming of methane [26]. It is well
established that ceria and metal oxide (e.g. Gd, Nb, and Zr)
doped cerias provide high oxygen storage capacity, which is
beneficial in oxidation processes [27]. Moreover, it has been
reported that the gas—solid reaction between CeO, and CHy
produces synthesis gas with a H,/CO ratio of two, while the
reduced ceria, CeO,_,, can react with CO, and H,O to
produce CO and H,, respectively, according to the following
reactions [1-3]:

CeO, +nCHs — CeO,_,, + nCO + 2nH, ®))
Ce0;,_, +C0O; & CeO, +CO (6)
Ce0O,_, +H,O < CeO, +H, @)

The addition of zirconium oxide (ZrO,) to cerium oxide
(Ce0,) has been reported to improve the oxygen storage

capacity, redox property, thermal stability and catalytic
activity [28-37]. This high oxygen storage capacity was
associated with enhanced reducibility of cerium(IV) in Ce—
ZrO,, which is a consequence of the high O*~ mobility
inside the fluorite lattice. One possible reason for the
increasing mobility might be related to the lattice strain,
which is generated by the introduction of a smaller isovalent
Zr cation into the CeO, lattice (Zr** has a crystal ionic radius
of 0.84 A which is smaller than 0.97 A for Ce** in the same
co-ordination enviroment) [38]. Due to the high thermal
stability of this material, Ce-ZrO, would be a good
candidate to be used as the catalyst support for high
temperature steam reforming reactions.

Apart from the efforts devoted to catalyst selection, a
number of works have been focused on the kinetic study of
methane steam reforming. There is a general agreement
that the reaction order in methane is always 1.0. However,
there is less agreement with the other kinetic parameters,
such as dependence on H,0, and H,. This could be due to
the use of different catalysts and experimental conditions.
Moreover, the impact of diffusion limitation could affect
the experimental results also. In a study at conditions
similar to SOFC, Dicks et al. [39] observed that the
product partial pressures from the methane steam
reforming on Ni/ZrO, could significantly affect the
reforming rate, in particular that of hydrogen. The first
order reaction in methane was obtained, while a positive
effect of hydrogen partial pressure and a negative effect of
steam partial pressure on the rate of reforming were
observed. The researchers also indicated that hydrogen
must be added as the feed gas together with methane and
steam, because the steam reforming rate in pure methane/
steam gas mixture was low. Xu and Froment [4-6]
presented a rate model for the methane steam reforming
together with the water—gas shift reaction over Ni/
MgAl,O, catalyst and also derived intrinsic rate equations.
They reported the non-monotonic dependence of steam on
the rate of reforming due to the competition of the catalyst
active sites. A similar result was observed by Elnashaie
et al. [7,8]. Xu and Froment [4-6] also presented the
inhibitory effect of hydrogen on the methane steam
reforming rate due to the promotion of the reverse
reactions of Egs. (1)—(3).

In the present work, we aimed to study the intrinsic
reaction kinetics of an alternative reforming catalyst, which
provides high methane steam reforming activity and high
resistance toward carbon formation. According to the
economical point of view, Ni was selected as a catalyst
rather than other precious metals such as Pt, Rh and Ru
although Ni is more sensitive to carbon formation. Ni/Ce—
ZrO, catalysts with different ratios of Ce/Zr were first
investigated to determine a suitable ratio. The intrinsic
reaction kinetics for the selected catalyst were then studied
by varying inlet CHy, and H,O concentrations, and by
adding H,, and O, in order to evaluate the possible use of Ni/
Ce—ZrO, industrially.
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2. Experimental
2.1. Catalyst preparations and characterizations

Ce,_,Zr, O, supports with different Ce/Zr molar ratios
were prepared by co-precipitation of cerium nitrate
(Ce(NO3)5-H,0), and zirconium oxychloride (ZrOCl,-H,0)
H,0) (from Aldrich). The starting solution was prepared by
mixing 0.1 M of metal salt solution with 0.4 M of urea at a 2/
1 volumetric ratio. The ratio between each metal salt was
altered to achieve nominal Ce/Zr molar ratios: Ce;_,Zr,O,,
where x =0.25, 0.50, and 0.75, respectively. This solution
was stirred by magnetic stirring (100 rpm) for 3 h, and the
precipitate was filtered and washed with deionised water and
ethanol to prevent an agglomeration of the particles. It was
dried overnight in an oven at 110 °C, and then calcined in air
at 1000 °C for 6 h.

Ni/Ce-ZrO, was prepared by impregnating Ce-ZrO,
with a Ni(NOs), solution (from Aldrich). The catalyst was
reduced with 10%H,/Ar for 6 h before use. For comparison,
Ni/Al,05 and Ni/CeO, (5 wt.% Ni) were also prepared by
impregnating «-Al,O; (from Aldrich) and CeO, with
Ni(NOs),. After reduction, the catalysts were characterized
by several physicochemical methods. The weight content of
Ni in Ni/Al,O3, Ni/Ce—ZrO, (with different Ce/Zr ratio), and
Ni/CeO, were determined by X-ray fluorescence (XRF)
analysis. The reducibility and dispersion percentages of
nickel were measured from temperature-programmed
reduction (TPR) with 5% H, in Ar and temperature-
programmed desorption (TPD), respectively. The catalyst
specific surface areas were obtained from BET measure-
ment. All physicochemical properties of the synthesized
catalysts are presented in Table 1.

2.2. Apparatus and procedures

In order to investigate the methane steam reforming and
its associated reactions, we constructed an experimental
reactor system as shown in Fig. 1. The feed gases including
the components of interest such as CHy, H,O, H,, or O, were
introduced to the reaction section, in which an 8 mm internal
diameter and 40 cm length quartz reactor was mounted
vertically inside a furnace. The catalyst was loaded in the
quartz reactor, which was packed with a small amount of
quartz wool to prevent the catalyst from moving. The weight

Table 1
Physicochemical properties of the catalysts after reduction

of catalyst loading was 50 mg, while a typical range of total
gas flow was 20-200 cm® min~' depending on the desired
space velocity. A type-K thermocouple was placed into the
annular space between the reactor and the furnace. This
thermocouple was mounted on the tubular reactor in close
contact with the catalyst bed to minimize the temperature
difference between the catalyst bed and the thermocouple.
Another type-K thermocouple was inserted in the middle of
the quartz tube in order to re-check the possible temperature
gradient, especially when O, was added along with CH, and
H,O as the autothermal reforming. The record showed that
the maximum temperature fluctuation during the reaction
was always +0.75 °C or less from the temperature specified
for the reaction.

After the reactions, the exit gas mixture was transferred
via trace-heated lines to the analysis section, which consists
of a Porapak Q column Shimadzu 14B gas chromatograph
(GC) and a mass spectrometer (MS). The gas chromato-
graphy was applied in order to investigate the steady state
condition experiments, whereas the mass spectrometer in
which the sampling of the exit gas was done by a quartz
capillery and differential pumping was used for the transient
and carbon formation experiments.

A temperature-programmed technique (TP) was applied
in order to study the formation of carbon species on catalyst
surface. Temperature-programmed methane adsorption
(TPMA) was firstly carried out in order to investigate the
reaction of methane with the surface of catalyst and to form
the carbon species on catalyst surface. A 5% methane in
helium was introduced into the system, while the operating
temperature was increased from room temperature to
1000 °C at the rate of 10 °C/min. After the system was
purged with helium, TPMA was followed by temperature-
programmed oxidation (TPO) in order to quantify the
deposited carbon on the catalyst surface. A 10% oxygen in
helium was introduced into the system and, similar to
TPMA, the temperature was increased from room tempera-
ture to 1000 °C at the rate of 10 °C/min. The calibrations of
CO and CO, productions were performed by injecting a
known amount of these calibration gases from a loop, in an
injection valve in the bypass line. The response factors were
obtained by dividing the number of moles for each
component over the respective areas under the peaks. This
process was performed before each experiment to achieve
maximal accuracy in the quantitative carbon analysis. In

Catalyst Ce/Zr ratio Ni-load® (wt.%) BET surface area (m> g’l) Ni—reclucibilityb (Ni%) Ni-dispersion® (Ni%)
Ni/CeO, 4.8 8.5 84.7 3.17
Ni/Ce-ZrO, 1/3 5.0 20 90.4 4.24
Ni/Ce—ZrO, 171 4.7 18 89.8 4.13
Ni/Ce-ZrO, 3/1 4.8 19 88.1 4.37
Ni/Al,O3 4.9 40 92.1 4.87

? Measured from X-ray fluorescence analysis.

" Measured from temperature-programmed reduction (TPR) with 5% hydrogen.
¢ Measured from temperature-programmed desorption (TPD) of hydrogen after TPR measurement.
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Fig. 1. Schematic diagram of the experimental set-up.

addition to the TPO method, the amount of carbon
deposition was confirmed by calculating the carbon balance
of the system. The amount of carbon formation would
theoretically be equal to the difference between the inlet
carbon containing component (CH,4) and the outlet carbon
containing components (CO, CHy, and CO,). The amount of
carbon deposited per gram of catalyst is calculated by the
following equation:

m()lecarbon(in) - m()lecarbon(out)

®)

Cdeposilion =
Meatalyst

3. Results
3.1. Preliminary testing

In order to avoid any limitations by intraparticle
diffusion, we checked the impact of the total flow rate
before the formal investigations. The total flow rate was
varied between 20 and 200 cm® min~' under a constant
residence time of 5 x 10~* g min cm . When the total flow
rate was below 60 cm> min_l, the methane steam reforming
rate increased with increasing the gas flow rate, suggesting
that the mass transfer between the bulk gas and the catalyst
particles is the rate-determining step. The steam reforming
rate was almost constant in the range where the gas flow rate
was higher than 80 cm® min~', indicating that the mass
transfer effect is unimportant in this flow rate range. The
total flow rate was therefore kept constant at 100 cm® min "
in all experiments. Fig. 2 shows the effect of the total gas
flow rate on the reforming rate over Ni/Ce—ZrO,.

The reactions on different average sizes (from 100 to
500 pm) of catalysts were carried out in order to guarantee

that the experiments were carried out within the region of
intrinsic kinetics. It was observed that there were no
significant changes in the methane conversion for the
catalyst with the particle size between 100 and 200 pm,
which indicated that the intraparticle diffusion limitation
was negligible in this range of operating conditions.
Consequently, the catalyst diameter was kept between
100 and 200 pm in all experiments. Using these conditions,
the steam reforming rate observed from the experiments
should represent the intrinsic kinetics.

3.2. Stability and activity of Ni/Ce—ZrO, with different
Ce/Zr ratios toward methane steam reforming

The steam reforming of methane over Ni/CeO, and Ni/
Ce—ZrO, (with different Ce/Zr ratios) were studied at 900 °C
by introducing CH4/H,O in helium with the inlet ratio of 1.0/
1.0 in order to select the most suitable catalyst for further
studies. The variations in methane conversion with time at
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Fig. 2. Effect of the total gas flow rate on the reforming rate over Ni/Ce—
ZrO, at different temperatures (3 kPa CHy, 3 kPa H,0).
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Fig. 3. Steam reforming of methane at 900 °C for different catalysts (3 kPa
CH,, 3 kPa H,0).

900 °C for different catalysts are shown in Fig. 3. At steady
state, the Ni/Ce-ZrO, with Ce/Zr ratio of 3/1 shows the best
activity among Ni on ceria-based supports, its activity on a
weight basis was slightly lower than that over Ni/Al,O3 due
to the lower specific surface area. The steady state reforming
rates of Ni/Ce—ZrO, (Ce/Zr = 3/1) and Ni/Al,O5 at 900 °C
were 81.31 and 82.77 mol kg~ ' h™!, respectively.

As one can see from Fig. 3, the activities of Ni/Al,O3 and
Ni/CeO, declined with time before reaching a significantly
lower steady-state rate, while the activity of Ni/Ce—ZrO,
declined slightly. Catalyst stabilities expressed as a
deactivation percentage are given in Table 2. The post-
reaction temperature-programmed oxidation (TPO) experi-
ments were carried out after a helium purge by introducing
10% oxygen in helium in order to determine whether the
observed deactivation is due to the carbon formation. TPO
experiments detected no carbon formation on the surface of
Ni on ceria-based supports. In contrast, the carbon species
were observed on the surface of Ni/Al,O5. Using a value of
0.026 nm* for the area occupied by a carbon atom in a
surface monolayer of the basal plane in graphite [27], the
total quantities of carbon deposited formed on Ni/Al,O3
were 1.39 monolayers. This amount of carbon deposited was
ensured by calculating the carbon balance of the system.
Regarding the calculations, the molar amount of carbon
deposited per gram of Ni/Al,O5 was 1.62 mmol g~ '. By the
same assumption for the area occupied by a carbon atom
[18], these values are equal to 1.37 monolayers, which is in
good agreement with the value observed from the TPO
method. More investigations about resistance toward carbon
formation will be presented in the next section.

Table 2

The BET measurement results as shown in Table 2
suggest that the deactivation of Ni on ceria-based supports
could be mainly due to the sintering and the slight decrease
of the catalyst dispersion. The % size reduction of these
catalysts agreed well with the degree of catalyst deactiva-
tion. Regarding these experimental results, Ni/Ce—ZrO,
with a Ce/Zr ratio of 3/1 was selected for further
investigations.

3.3. Resistance toward carbon formation

The resistance of Ni/Ce—ZrO, (with Ce/Zr ratio of 3/1)
toward the formation of carbon species was investigated and
compared to that of Ni/Al,O3. Carbon species were firstly
formed on the catalyst surface by introducing 5% methane in
helium (TPMA). The amount of carbon formation on the
surface of each catalyst was then investigated by tempera-
ture-programmed oxidation (TPO). Figs. 4 and 5 present the
comparison of TPMA and TPO respectively over both Ni/
Ce—ZrO, and Ni/Al,Os.

According to Fig. 4, only hydrogen was produced from
the cracking of methane on Ni/Al,O;, whereas carbon
monoxide and carbon dioxide were also generated along
with hydrogen from the cracking of methane on Ni/Ce-
ZrO,. The formations of CO and CO, are due to the gas-solid
reaction of CH, on Ce—ZrO, surface (Eq. (5)). After the
system was purged with helium, the amount of carbon
formation on the surface of each catalyst can be determined
by measuring the CO and CO, yield from TPO experiment
(Fig. 5). Using a value of 0.026 nm? for the area occupied by
a carbon atom in a surface monolayer of the basal plane in
graphite [27], the quantities of carbon deposited on the
surface of Ni/Ce-ZrO, were approximately 1.29 mono-
layers, whereas the quantities of carbon deposited over Ni/
Al,O3 were 2.35 monolayers. Regarding the calculation of
carbon balance, the values of carbon deposited from the
calculation are also in good agreement with the values
observed from the TPO (1.31 monolayers for Ni/Ce—ZrO,,
and 2.34 monolayers for Ni/Al,O3).

When a small amount of steam was added during TPMA,
the amount of carbon formation was observed to decrease
significantly as the steam reforming takes place. The
requirements of inlet steam to eliminate all carbon formation
on the surface of Ni/Ce-ZrO, and Ni/Al,0O3 were compared,
as presented in Table 3. Ni/Ce—ZrO, required inlet H,O/CH,
ratio of 1.0 in order to prevent the formation of carbon species
on catalyst surface, whereas Ni/Al,O5 required a higher H,O/

Catalyst deactivations and some characterization results after running the reaction at 900 °C for 10 h

Catalyst Ce/Zr ratio  Deactivation (%)  BET after reaction (m> g’l) Surface area reduction (%)  Ni-load (wt.%)  Ni-dispersion (Ni%)
Ni/CeO, 24 6.2 27 4.8 3.02
Ni/Ce-ZrO, 1/3 11 18 10 4.9 4.21
Ni/Ce-ZrO, 1/1 12 15 13 4.7 4.12
Ni/Ce-ZrO,  3/1 5.1 18 45 4.8 4.32
Ni/Al,O4 16 40 ~0 4.8 4.80




